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A b s tra c t

RESONANT BRILLOUIN SCATTERING STUDIES OF THE A-EXCITON

IN CADMIUM SULPHIDE 

by

James P e te r  W icksted 

A d v ise r: P ro fe s s o r  Herman Z. Cummins

High r e s o lu t io n  re s o n a n t B r i l lo u in  s c a t t e r i n g  was perfo rm ed  in  th e  

v i c i n i t y  o f  th e  A -e x c ito n  in  cadmium s u lp h id e . The e x p e rim e n ta l a r ra n g e ­

m ent, w hich c o n s is te d  o f a s in g le  mode dye l a s e r ,  t r i p l e - p a s s  F a b ry -P e ro t 

in te r f e r o m e te r  and a g r a t in g  s p e c tro m e te r , en ab led  B r i l lo u in  s h i f t ,  l i n e -  

w id th  and i n t e n s i t y  m easurem ents to  be made on m u l t i - B r i l lo u in  com ponents. 

These com ponents r e s u l t  from  th e  s c a t t e r i n g  betw een a c o u s t ic  phonons and 

p ro p a g a tin g  e x c i to n - p o la r i to n  modes in  th e  c r y s t a l l i n e  medium.

In  an a tte m p t to  i d e n t i f y  th e  c o r r e c t  a d d i t io n a l  boundary co n d i­

t io n  (ABC) which i s  needed in  d e s c r ib in g  th e  s im u ltan e o u s  p ro p a g a tio n  of 

two e x c i to n - p o la r i to n  modes, a t h e o r e t i c a l  e x te r n a l  d i f f e r e n t i a l  s c a t t e r ­

in g  c ro s s  s e c t io n  c a l c u la t io n  was developed  v ia  a f a c t o r i z a t i o n  p ro c e d u re . 

T h is c a l c u la t io n  a llo w ed  a q u a n t i t a t i v e  com parison betw een experim en t and 

th e o ry .

The im p o rta n t r e s u l t s  o f th i s  re s e a rc h  a re  now g iv e n .

1. The o b s e rv a tio n  o f  th e  in n e r  p o la r i to n  b ranch  p a r t i c i p a t i n g  in  

th e  one phonon s c a t t e r in g  p ro c e s se s  [b o th  in te rb r a n c h  ( 1 - 2 ') ,  (2—1 ')  

and in t r a b ra n c h  ( 1 - 1 ') ]  betw een e x c i to n - p o la r i to n s  and a c o u s t ic  phonons. 

These a d d i t io n a l ly  observ ed  B r i l lo u in  com ponents have r e s u l t e d  in  r e ­

v is e d  v a lu e s  f o r  th e  A -e x c ito n  p a ra m e te rs .
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2. B roadening o f bo th  th e  S tokes LA (2 -2*) and TA ( 2 - 2 ')  l i n e -  

w id th s  has been observ ed  as  a fu n c tio n  o f  in c id e n t  l a s e r  fre q u e n c y .

These m easurem ents, how ever, su g g e s t th a t  th e  e x c i to n  damping p a ra ­

m e te r , T, may n o t be a c o n s ta n t  b u t in s te a d  a m o n o to n ic a lly  in c re a s in g  

fu n c tio n  o f  in c id e n t  freq u en cy  oj-j- fo r

3. Com parisons betw een th e  e x p e rim e n ta l i n t e n s i t y  m easurem ents

and th e  t h e o r e t i c a l  e x te r n a l  s c a t t e r i n g  c ro s s  s e c t io n s  f o r  both

S tokes LA ( 2 - 2 ')  and TA ( 2 - 2 ')  com ponents su g g e s t th a t  th e  a d d i t io n a l
(23)

boundary c o n d it io n  fo rm u la ted  by Ting e t  a l  r e s u l t s  in  th e  b e s t  

agreem ent betw een experim en t and th e o ry .

4. The i n t e n s i t y  r a t i o  betw een th e  S tokes LA ( 1 - 1 ')  component 

and th e  S tokes LA ( 2 - 2 ')  component i s  100 tim es s m a lle r  th an  t h e o r e t i ­

c a l ly  p r e d ic te d  even though th e  g e n e ra l  tr e n d  o f  th e  LA ( 1 - 1 ')  in t e n ­

s i t y  as a fu n c tio n  o f  in c id e n t  freq u en cy  fo llo w s  th e s e  same t h e o r e t i c a l  

p r e d ic t io n s  f o r  any o f th e  th r e e  ABCs.

5. L ea s t sq u a re  f i t s  betw een t h e o r e t i c a l  and e x p e rim e n ta l r e ­

f l e c t i v i t y  e x p re s s io n s  w ere a ls o  made. Each ABC r e s u l t s  in  a re a so n a b ly  

good f i t  w ith  experim en t when a dead la y e r  i s  in c lu d e d  in  th e  a n a ly s i s .
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CHAPTER I

INTRODUCTION

In  1972, B ren ig , Zeyher and B irm a n ^ (B Z B ) ex ten d ed  th e  th e o ry  

o f  re s o n a n t Raman s c a t t e r i n g  to  in c lu d e  l i g h t  s c a t t e r i n g  from a c o u s t ic  

phonons by c o n s id e r in g  th e  r o le  o f  e x c i to n - p o la r i to n s  as in te rm e d ia te  

s t a t e s  f o r  B r i l lo u in  s c a t t e r i n g  o c c u rr in g  n e a r  an e x c i to n  re so n a n c e . 

T h is th e o ry , known as re s o n a n t B r i l lo u in  s c a t t e r i n g  (RBS), opened new 

f i e l d s  o f  re s e a rc h  on c r y s t a l s  w hich e x h ib i t  s p a t i a l  d is p e r s io n .  

Subsequen t ex p e rim en ts  w ere q u i t e  s u c c e s s fu l  in  i l l u s t r a t i n g  many o f 

th e  k in e m a tic  p r e d ic t io n s  o f  th e  th e o ry . However, o th e r  im p o rta n t 

t h e o r e t i c a l  r e s u l t s  concerned  w ith  p o la r i to n  l i f e - t i m e s  and a d d i t io n a l  

boundary c o n d i t io n s  (ABC) rem ained  e x p e r im e n ta lly  u n re so lv e d .

The p r e s e n t  r e s e a r c h  d is c u s s e d  in  t h i s  t h e s i s  i s  e x p e r im e n ta lly  

d e s ig n ed  to  e x p lo re  th e se  a d d i t io n a l  r e s u l t s  o f  th e  th e o ry  in  th e  

w u r tz i t e  sem ico n d u c to r cadmium s u lp h id e .  T h is  i s  made p o s s ib le  by 

th e  in c o rp o ra t io n  o f  h ig h e r  r e s o lu t io n  a p p a ra tu s  in to  th e  RBS e x p e r -  

m en ts .

B efo re  c o n t in u in g  w ith  th e  t h e o r e t i c a l  and e x p e r im e n ta l d i s ­

c u s s io n s  on RBS, some in t r o d u c to r y  d is c u s s io n  i s  n e c e s s a ry  co n ce rn in g  

th e  p o la r i to n  c o n c e p t, s p a t i a l  d i s p e r s io n ,  and th e  n e c e s s i ty  o f an 

a d d i t io n a l  boundary c o n d i t io n .

A. THE POLARITON CONCEPTt2 ,3 )

P o la r i to n s  a r e  com posite  q u a s i - p a r t i c l e s  w hich a r e  formed by th e  

c o u p lin g  o f  l i g h t  to  p o l a r i z a t i o n  modes in  a d i e l e c t r i c  medium. Two 

exam ples o f  th e  p o l a r i z a t i o n  ( c r y s t a l l i n e )  modes a r e  phonons and 

e x c i to n s .
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H u a n g ^  in  1951 and P o u l e t ^  in  1955 e x p lo re d  th e  m ixing o f

e le c tro m a g n e tic  waves w ith  p o la r  o p t i c a l  phonons c l a s s i c a l l y .  A

( 6 )quantum m echan ica l tre a tm e n t was g iv en  in  1956 by Fano. In  1958,

th e  b i l i n e a r  co u p lin g  betw een pho tons and s t a t io n a r y  ( i n f i n i t e  mass)

e x c i to n s  was c a r r i e d  o u t v ia  second  q u a n t iz a t io n  th e o ry  by H o p f i e l d . ^

The c o u p lin g  o f  p ho tons to  p ro p a g a tin g  e x c ito n s  was f i r s t  t r e a te d

( 8 )quantum m e ch an ic a lly  by P ekar in  1957 and l a t e r  t r e a te d  c l a s s i c a l l y  

by H o p fie ld  and T h o m a s ^  in  1963.

The s u b je c t  o f  p o la r i to n -m e d ia te d  l i g h t  s c a t t e r in g  has been d i s ­

cussed  in  s e v e r a l  rev iew  a r t i c l e s . I n  t h i s  t h e s i s ,  th e  s c a t t e r ­

in g  o f a c o u s t ic  phonons by p h o to n -e x c ito n  p o la r i to n s  in  th e  v i c i n i t y  

o f an  e x c i to n  re so n an ce  w i l l  be s tu d ie d .  Such s c a t t e r in g  p ro c e s se s  

a r e  p a r t i c u l a r l y  i n t e r e s t i n g  when th e  e x c i to n s  c o n s id e re d  have f i n i t e  

e f f e c t i v e  m ass. In  t h i s  c a s e ,  th e .e x c i to n  energy  d is p e r s io n  r e s u l t s

in  th e  medium becoming s tro n g ly  s p a t i a l l y  d i s p e r s iv e .

( 2 )B. SPATIAL DISPERSION

1. D e f in i t io n  and th e  N o n -lo ca l Response o f th e  Medium

The v a r i a t i o n  o f th e  s u s c e p t i b i l i t y  (o r  d i e l e c t r i c )  te n s o r  o f a 

medium w ith  w avevecto r i s  r e f e r r e d  to  as  s p a t i a l  d is p e r s io n .

C o n sid e r an e le c tro m a g n e tic  wave o f freq u en cy  oj and w avevecto r it 

p ro p a g a tin g  in  such  a medium which i s  a l s o  assumed to  be homogeneous, 

l i n e a r  and i s o t r o p i c .  The induced  p o la r i z a t io n  ?  (It, uj) can be 

r e l a t e d  to  th e  e l e c t r i c  f i e l d  ?  (lie, w) of th e  wave th rough  th e  

s u s c e p t i b i l i t y

P (k.ut) = x(k>m) E (k,oj) (1 .1 )
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The p h y s ic a l  s ig n i f i c a n c e  o f  th e  dependence o f  th e  s u s c e p t i b i l i t y  on 

ic can be seen  by f i r s t  w r i t in g

-*■
E(x,w) = ^(ic,a)) exp (ik * x ) (1 .2 )

w hich i s  th e  e l e c t r i c  f i e l d  a t  p o s i t i o n  x in  th e  medium. I f  a s im i la r

e x p re s s io n  i s  assumed f o r  P(x ,ai) and i f  we l e t

x (x -x ',u ) )  = x ( k ,0)) exp [ l k * ( x - x ') ]  (1 .3 )

th en  Eq. (1 .1 )  becomes

P (x,tu) ■ /  d x 1 x (x~ x ',(jj) E (x ',iu )  (1 .4 )

T h is  r e s u l t  im p les th a t  i f  x depends on k , th en  th e  p o la r i z a t io n

a t  x depends n o t on ly  on th e  m agnitude o f  th e  e l e c t r i c  f i e l d  a t  x bu t

a l s o  on th e  v a lu e  o f th e  f i e l d  in  a neighborhood  su rro u n d in g  x . Thus, 

th e  s p a t i a l l y  d is p e r s iv e  medium e x h ib i t s  a  n o n - lo c a l  re sp o n se  to  th e  

e l e c t r i c  f i e l d .

2 . E x c ito n ic  S p a t i a l  D is p e rs io n  and th e  N e c e s s ity  o f  an A d d itio n a l 

Boundary C o n d itio n

(8 )In  1957, Pekar in v e s t ig a te d  th e  e f f e c t s  o f  e x c i to n ic  s p a t i a l  

d is p e r s io n  in  c r y s t a l l i n e  s o l i d s .  U t i l i z i n g  th e  w avevecto r dependent 

k in e t i c  energy  e x p re s s io n  o f  an  e x c i to n  w ith  f i n i t e  t r a n s l a t i o n a l  

e f f e c t i v e  m ass, P ek ar developed  a d i f f e r e n t i a l  e q u a tio n  o f m otion  

fo r  th e  p o l a r i z a t i o n  of a  s in g le  d ip o le  a c t iv e  e x c i to n :

rfpr + “ .  -  ^  72 + r I t ) .  " “ . “ 5 (1 -5)
+  /■+ .

where m* i s  th e  e f f e c t i v e  t r a n s l a t i o n a l  mass o f  th e  e x c i to n  and E ( x , t )  

i s  a m acroscop ic  e l e c t r i c  f i e l d  w hich d r iv e s  th e  p o l a r i z a t i o n .  The
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o th e r  p a ram e te rs  w0 , T, a o a r e  th e  e x c i to n  reso n an ce  fre q u e n c y , damp­

in g  c o n s ta n t  and o s c i l l a t o r  s t r e n g th  r e s p e c t iv e ly .  Assuming p la n e  

wave s o lu t io n s  fo r  ?  and "f, Eq. (1 .5 )  r e s u l t s  in  an  e x p re s s io n  eq u iv a ­

l e n t  to  Eq. (1 .1 )  w ith  th e  n o n - lo c a l  s u s c e p t i b i l i t y  (known as th e  d i -

(9)e l e c t r i c  ap p ro x im atio n  model) g iv en  by

* » • " >  ■ xb + I f i a + n , .  k i - t o r  ( 1 -6)

m*

where a background s u s c e p t i b i l i t y .  The com b in atio n  o f Eq. (1 .6 )

w ith  M axw ell’ s e q u a tio n s  r e s u l t s  in  th e  e x c i to n - p o la r i to n  d is p e r s io n  

cu rv es  which w i l l  be d is c u s s e d  in  d e t a i l  in  Chap. IV. .

As P ekar o r i g i n a l l y  d is c o v e re d , two p ro p a g a tin g  p o la r i to n  modes 

can s im u lta n e o u s ly  e x i s t  in  a s p a t i a l l y  d is p e r s iv e  medium w ith  th e  same 

freq u en cy  and p o la r i z a t io n  (see  F ig . 4 -2 ) .  For l i g h t  n o rm ally  i n c i ­

d e n t on th e  boundary  of t h i s  medium w ith  freq u en cy  !jj><d , th e  a m p li-  

tu d e s  o f th e se  two tr a n s m it te d  p o la r i to n  modes and o f th e  r e f l e c t e d  

wave can n o t be a s c e r ta in e d  s o le ly  from M axw ell's  boundary c o n d i t io n s .

An a d d i t io n a l  boundary c o n d i t io n  (ABC) i s  needed to  d e te rm in e  the  

a m p litu d es  o f th e  tw o ~ tra n sm itte d  modes.

C. ADDITIONAL BOUNDARY CONDITIONS(15^

A b r i e f  h i s to r y  on th e  o r ig in  o f Che th r e e  m ost f r e q u e n t ly  d i s ­

cussed  ABCs w i l l  now be g iv e n .
(Q\

The f i r s t  ABC, p re s e n t  by P ek a r, i s  based  on th e  c o n d it io n  

th a t  th e  t o t a l  e x c ito n  p o la r i z a t io n  must v a n ish  a t  th e  c r y s t a l  

boundary :

2
I  P_ = 0 a t  x -  0 (1 .7 )

i = l  i
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where th e  x - a x is  i s  p e rp e n d ic u la r  to  th e  c r y s t a l  s u r f a c e ,  and P

chd e n o te s  th e  e x c i to n  p o la r i z a t io n  a s s o c ia te d  w ith  th e  i —  tr a n s m it te d  

wave. P ekar a s s e r te d  t h a t  Eq. (1 .7 )  shou ld  be th e  ABC to  supplem ent 

th e  Maxwell boundary  c o n d i t io n s  a f t e r  showing th a t  th e  c r y s t a l  boun­

d a r ie s  tu rn e d  o u t to  be n o d a l s u r fa c e s  f o r  th e  e x c i to n  w av e fu n c tio n , 

as w e ll  a s  f o r  th e  d ip o le  moment a s s o c ia te d  w ith  th e  e x c i to n .

The f i r s t  e x p e r im e n ta l ev id en ce  o f  an e x c i to n ic  s p a t i a l l y  d i s ­

p e r s iv e  medium was observ ed  in  r e f l e c t i v i t y  m easurem ents perform ed

(9)by H o p fie ld  and Thomas a t  th e  n=*l A -ex c ito n  s t a t e  in  cadmium 

s u lp h id e . The low r e f l e c t i v i t y  maximum observed  in  th e se  s tu d ie s  in  

a d d i t io n  to  th e  anom alous sp ik e  se e n  n e a r  th e  lo n g i tu d in a l  e x c ito n  

freq u en cy  co u ld  n o t be e x p la in e d  by th e  s im p le  c l a s s i c a l  d i e l e c t r i c  

model ( t h i s  m odel i s  r e p re s e n te d  by Eq. (1 .6 )  w ith  m* s e t  e q u a l to  

i n f i n i t y ) . These a u th o rs  th e n  in c o rp o ra te d  s p a t i a l  d is p e r s io n  in to  

t h e i r  a n a ly s i s  by u t i l i z i n g  th e  d i e l e c t r i c  ap p ro x im atio n  fo r  th e  non­

lo c a l  s u s c e p t i b i l i t y  a lo n g  w ith  th e  P ek ar ABC [E qs. (1 .6 )  and ( 1 .7 ) ] .  

They a l s o  in c o rp o ra te d  a  "dead" la y e r  in to  t h e i r  a n a ly s i s .  T his 

"dead" la y e r  was c o n s id e re d  to  be an ap p ro x im atio n  o f  a r e p u ls iv e  

image p o t e n t i a l  t h a t  an e x c i to n  e n c o u n te rs  as i t  ap p roaches th e  

c r y s t a l  s u r f a c e  an d , th u s ,  a re g io n  in  w hich th e  e x c i to n  co u ld  no t 

e x i s t .  U sing t h i s  ap p ro ach , a  v e ry  c l e a r  acco u n t o f  th e  anom alous 

s t r u c t u r e  seen  in  th e  CdS r e f l e c t i v i t y  co u ld  be g iv e n . [However, 

i t  sh o u ld  be n o te d  th a t  r e f l e c t i v i t y  ex p erim en ts  a r e  v e ry  s e n s i t i v e  

to  th e  c r y s t a l  s u r fa c e  q u a l i t y .  For exam ple, c e r t a in  sam ples have 

shown th e  anom alous sp ik e  w h ile  o th e r s  have n o t . ^ ^ ]
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S u b seq u en tly , Birman and S e in , M aradudin and M il l s ,

(19) (20 21)Agrawal e t  a l  and o th e rs  ’ in d e p e n d e n tly  e x p lo re d  th e  ABC

problem  w ith  M axw ell's  e q u a tio n s  r a th e r  th an  from  a phenom enolog ical 

app ro ach . These groups d isc o v e re d  th a t  once a p a r t i c u l a r  n o n - lo c a l  

s u s c e p t i b i l i t y  i s  chosen , th e  r e s u l t i n g  ABC can  be d e te rm in ed  th rough  

e i t h e r  an i n t e g r a l  o r  d i f f e r e n t i a l  e q u a tio n  fo rm u la tio n  o f  th e  e l e c t r o ­

dynam ics o f  th e  n o n - lo c a l  medium w ith  no f u r th e r  assum ptions b e in g  

n e c e s s a ry . F or exam ple, when th e  d i e l e c t r i c  a p p ro x im a tio n  fo r  th e  

s u s c e p t i b i l i t y  [Eq. ( 1 .6 ) ]  i s  ch o sen , th e  r e s u l t i n g  ABC i s ^

2 p Ex
----------------- ;---------  = 0  a t  x = 0 (1 .8 )

i « l  ( " c i - V  (nci “ e b)

thwhere nc ^ i s  th e  r e f r a c t i v e  in d ex  o f  th e  i —  t r a n s m it te d  p o la r i to n

mode, i s  a  background d i e l e c t r i c  c o n s ta n t  and

_ 1 rm*c2 f •) o , ,1 /2
ne = “  ["5-----  + la ine a) no) °O

where n g i s  j u s t  th e  r e f r a c t i v e  in d ex  fo r  th e  uncoupled  e x c i to n .

I t  sh o u ld  th e r e f o r e  be n o te d  th a t  th e  ABC g iv e n  by P ek ar in  Eq. (1 .7 )

i s  n o t a m a th e m a tic a l consequence o f  th e  d i e l e c t r i c  ap p ro x im atio n

g iv en  by Eq. ( 1 .6 ) .

A more m ic ro sc o p ic  approach  fo r  f in d in g  ABCs was g iv en  by Zeyher

( 22 )e t  a l  in  1972. T h is approach  su g g e s te d  th a t  d i f f e r e n t  ABCs fo r  

e x c i to n - p o la r i to n s  can a r i s e  from  d i f f e r e n t  assu m p tio n s abou t th e  

r e f l e c t i o n  o f  an e x c i to n  a t  th e  c r y s t a l  s u r f a c e .  The w av efu n c tio n  

d e s c r ib in g  th e  c e n te r  o f  mass m otion  o f  th e  e x c i to n  can  be a p p ro x i­

m a te ly  e x p re s se d  a s :
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where r e i s  th e  e x c i to n  r e f l e c t i o n  c o e f f i c i e n t  and 9 (x ) i s  a s te p  

fu n c t io n .  T hese a u th o rs  showed th a t  f o r  t i g h t l y  bound (F re n k e l)  

e x c i to n s  which a re  t o t a l l y  r e f l e c t e d  from  th e  c r y s t a l  s u r f a c e ,  r e » -1  

and th e  ABC w hich was o r i g i n a l l y  p roposed  by P ekar [Eq. ( 1 .7 ) ]  i s

o b ta in e d . However, f o r  e x c i to n s  ab so rb ed  a t  th e  c r y s t a l  s u r f a c e ,

(23)r e * 0 and th e  ABC g iv en  in  Eq. (1 .8 )  r e s u l t s .  T ing e t  a l  showed 

th a t  f o r  Waruiier e x c i to n s  whose w a v e -fu n c tio n s  can  be approx im ated  

by l e t t i n g  r e = 1 in  th e  above e x p re s s io n ,  th e  fo llo w in g  ABC 

r e s u l t s :

The th r e e  abcs [E qs. ( 1 .7 ) ,  ( 1 .8 ) ,  (1 .1 0 ) ]  a re  now l i s t e d  below 

and e x p re sse d  in  te rm s o f th e  e l e c t r i c  f i e l d  a m p litu d es  E^ a s s o c ia te d  

w ith  th e  two tr a n s m it te d  p o la r i to n  modes:

2
I  n 3 0 a t  x=*0

i - 1  i  Exi
(1 . 10)

ABC 1 [P ek a r; ^  Z eyher, B ren ig  and Birman

2
I  -  % >  E i  =  o

i - 1  i
( 1 . 11)

(23)ABC 2 [T in g , F ra n k e l and Birman; A granovich  and G inzburg ( 2 0 )

I nc. (nL - eb) Ei = 0
i - 1  1 1  D

(1 . 12)
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ABC 3 [Birman and S e in ;  Agrawal, P a t ta n a y a k  and W o l f ; ^ ^  

M aradudin and M i l l s

{(o2-a)2+iiur}] (1 .13)

D. RESONANT BRILLOUIN SCATTERING

1. P r e d ic t i o n s  of th e  Theory

The p r e d i c t i o n s  o f  th e  r e s o n a n t  B r i l l o u i n  s c a t t e r i n g  th e o ry

use  o f  F ig .  4 -4 .  The upper  (1) and low er (2) d i s p e r s io n  cu rv es  

shown i n  t h i s  f i g u r e  a r e  th e  two e x c i t o n - p o l a r i t o n  b ra n c h e s .  The 

d e r i v a t i o n  o f  th e  e x c i t o n - p o l a r i t o n  d i s p e r s i o n  r e l a t i o n  r e s u l t i n g  

in  th e s e  cu rv es  a long  w i th  th e  d i s c u s s io n  o f  th e  B r i l l o u i n  s c a t t e r i n g  

k in e m a t ic s  w i l l  be g iven  i n  Chap. TV.

As th e  i n c i d e n t  l a s e r  f req u en cy  cuT i s  scanned  upwards th rough

th e  e x c i to n  re s o n a n c e ,  ( i )  t h e r e  sh o u ld  be a r a p id  i n c r e a s e  in

B r i l l o u i n  s h i f t  due to  th e  c u rv a tu r e  o f  th e  lower p o l a r i t o n  b ranch

n e a r  u)0 i n  a d d i t i o n  ( i i )  to  an in c r e a s e  i n  th e  B r i l l o u i n  l i n e w id th ,

w h i le  f o r  above th e  o n se t  o f  th e  upper p o l a r i t o n  branch

( i i i )  a B r i l l o u i n  o c t e t  r e s u l t i n g  from in te r m e d ia te  s t a t e s  on both

e x c i t o n - p o l a r i t o n  b ranches  r e p la c e s  th e  u s u a l  B r i l l o u i n  d o u b le t  which

i s  o bserved  w e l l  below oi . I t  shou ld  be no ted  t h a t  s in c e  th e  twoo

p o l a r i t o n  b ran ch e s  a r e  v e ry  s e n s i t i v e  to  th e  e x c i to n  p a ra m e te rs  (see  

Chap. IV) th e  dependence o f  th e  B r i l l o u i n  s h i f t s  and w id th s  on i n c id e n t

p r e s e n te d  by B ren ig ,  Zeyher and Birman (1) w i l l  now be g iven  w ith  the

8



f requency  shou ld  a l s o  be v e ry  s e n s i t i v e  to  th e s e  p a ram e te rs  -  the  

form er p a r t i c u l a r l y  on th e  e x c i to n  mass and th e  l a t t e r  on the  e x c i to n  

damping c o n s t a n t ,  The damping c o n s ta n t  v a lu e  i s  im p o r ta n t  i n  the  

e s t im a t io n  o f  p o l a r i t o n  l i f e t i m e s .  F i n a l l y ,  ( iv )  th e  s c a t t e r i n g  

c ro s s  s e c t i o n  f o r  th e  d i f f e r e n t  B r i l l o u in  components sh o u ld  be s e n s i ­

t i v e  to  th e  ABCs and be s t r o n g ly  f req u en cy  dependent in  th e  e x c i to n  

re so n an ce  r e g io n .

2 . P rev io u s  RBS E x p e r im e n ts ^ ^

I  w i l l  now b r i e f l y  summarize p re v io u s  RBS exp er im en ts  perform ed 

on c r y s t a l s  of v a r io u s  c r y s t a l  s t r u c t u r e s .  I t  shou ld  be n o ted  from 

th e  d i s c u s s io n  i n  th e  p re c e d in g  s u b s e c t io n ,  t h a t  th e  e x p e r im e n ta l  

measurements o f  B r i l l o u i n  s h i f t s  and w id th s  as  f u n c t io n s  o f  f requency  

w i l l  r e s u l t  i n  v a lu e s  f o r  th e  e x c i to n  p a ra m e te rs  w h ile  c ro s s  s e c t i o n  

measurements shou ld  p ro v id e  in fo rm a t io n  co n ce rn in g  ABCs.

a .  Z incb lende  S t r u c t u r e

(24)In  1977, U lb r ic h  and Weisbuch employed a tu n a b le  n e a r - i n f r a r e d  

dye l a s e r  as  an e x c i t i n g  so u rce  to  s tu d y  th e  IS e x c i to n  re so n an ce  formed 

by th e  T c o n d u c t io n  band and Ta v a le n c e  band i n  the  I I I -V  compound
O O'

g a l l iu m  a r s e n id e .  U t i l i z i n g  a  [100] b a c k s c a t t e r i n g  c o n f ig u r a t io n  and 

a n a ly z in g  th e  s c a t t e r e d  l i g h t  w ith  a g r a t i n g  s p e c t ro m e te r ,  they  were 

a b le  to  o bse rve  n e a r  r e s o n a n c e ,  th e  enhancement o f  th e  B r i l l o u i n  

i n t e n s i t y ,  th e  B r i l l o u i n  s h i f t  d i s p e r s io n  and th e  m u l t i - B r i l l o u i n  

components r e s u l t i n g  from th e  in t e r b r a n c h  and in t r a b r a n c h  l o n g i t u d i n a l  

a c o u s t i c  (LA) phonon s c a t t e r i n g  between two e x c i t o n - p o l a r i t o n  b ran ch e s .

A two b ranch  model was a l s o  used to  e x p la in  the  RBS exp er im en ts  p e r -
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formed i n  th e  [110] d i r e c t i o n  where now b o th  t r a n s v e r s e  and lo n g i t u ­

d i n a l  phonon s c a t t e r i n g  between p o l a r i t o n  b ran ch es  was o b se rv e d ,  

a l th o u g h  th e  form er (TA) i s  no rm ally  " fo rb id d e n "  by d e fo rm a t io n  

p o t e n t i a l  s e c t i o n  r u l e s .  S im i la r  r e s u l t s ,  by th e  same g roup , were 

o b ta in e d  from th e  RBS experim en ts  perform ed on th e  I I -V I  compound 

CdTe.(11)

A t h r e e  p o l a r i t o n  b ranch  m odel, however, was needed to  e x p la in

th e  RBS d a t a  o b ta in e d  from th e  sem iconduc to r  ZnSe, Sermage and
(25)

Fishman, a l s o  u t i l i z i n g  a tu n a b le  dye l a s e r  and a  g r a t i n g  s p e c t r o ­

m e te r ,  perform ed RBS ex p er im en ts  in  b o th  [100] and [110] b a c k s e a t t e r i n g  

c o n f ig u r a t io n s ,  th e  l a t t e r  d i r e c t i o n  once a g a in  showing bo th  TA and LA 

phonon p a r t i c i p a t i o n .

For c r y s t a l s  of z in c b le n d e  s t r u c t u r e ,  th e  d e g e n e ra te  r„  v a le n c eO

band r e s u l t s  i n  two d i s t i n c t  e x c i to n  bands ,  each  o f  which can couple  

w i th  an  incoming photon  y i e l d i n g  o v e r a l l  a  t h r e e  e x c i t o n - p o l a r i t o n  

b ranch  system . These two e x c i to n s  a r e  d i s t i n g u i s h a b l e  v i a  t h e i r  

e f f e c t i v e  t r a n s l a t i o n a l  m asses ,  one e x c i to n  hav ing  a l a r g e r  mass than  

th e  o t h e r .  Both o f  th e s e  " l i g h t "  and "heavy" e x c i to n s  have been ob­

se rv ed  to  p a r t i c i p a t e  in  th e  RBS d a t a  of ZnSe. However, on ly  the  

heavy e x c i to n  c o n t r i b u t e s  to  th e  RBS p ro c e s s  in  GaAs.

I t  should  be a l s o  be n o ted  t h a t  on ly  one phonon s c a t t e r i n g  

p ro c e s s e s  were observed  in  a l l  th e  RBS d a ta  on cu b ic  z in c b le n d e  

c r y s t a l s .
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b. W u rtz i te  S t r u c tu r e

P erhaps the  c r y s t a l  which has had i t s  Raman and B r i l l o u i n  compo­

n e n ts  most e x t e n s i v e ly  s tu d ie d  in  the  r e g io n  o f  an e x c i to n  re sonance  

i s  th e  I I -V I  sem iconductor  CdS. Even p r i o r  to  the  RBS p r e d i c t i o n s
(0f\\

by BZB, P in e  had i n v e s t i g a t e d  th e  B r i l l o u i n  spec trum  of CdS by 

te m p era tu re  tu n in g  i t s  IS A -e x c i to n  toward a  f ix e d - f r e q u e n c y  (6323A8) 

l a s e r .  He observed  a s t r o n g  resonance  enhancement i n  th e  LA B r i l l o u i n  

c ro s s  s e c t i o n  as  th e  frequency  o f  t h i s  e x c i to n  was low ered (v ia  i n ­

c r e a s in g  c r y s t a l  te m p era tu re )  towards th e  l a s e r  f re q u e n c y .  This
(27)

te m p e ra tu re  tu n in g  te ch n iq u e  was a l s o  u t i l i z e d  by Bruce and Cummins 

who observed  b o th  r e s o n a n t  d i s p e r s io n  and enhancement o f  th e  LA 

B r i l l o u i n  component w h ile  th e  A - e x c i t o n 's  f requency  was low ered toward 

th e  4880A® l i n e  o f  an  argon l a s e r .  However, th e  two b ranch  f e a t u r e s  

p r e d ic te d  by BZB cou ld  n o t  be observed  due to  s e v e re  b road en in g  

e f f e c t s  a t  th e  te m p era tu re  r e q u i r e d  to  ac h ie v e  re so n a n c e .  Both o f  

th e s e  s t u d i e s  used F a b ry -P e ro t  in t e r f e r o m e t r y  to  a n a ly z e  th e  s c a t t e r e d  

l i g h t .
fog)

In  1977, W in te r l in g  and K o te le s  u t i l i z e d  an e x p e r im e n ta l  

s e tu p  s i m i l a r  to  th e  one used in  the  GaAs s t u d i e s  (dye l a s e r  and 

g r a t i n g  s p e c tro m e te r )  to  perfo rm  RBS ex p e r im en ts  from b o th  th e  n=l 

A and B -e x c i to n  re so n an ces  i n  CdS. For th e  A -e x c i to n ,  bo th  LA and TA 

phonons were observed  in  th e  b a c k s c a t t e r i n g  s e tu p  used  w ith  i n c i d e n t  

l a s e r  w avevector  p e rp e n d ic u la r  t o  th e  hexagona l c - a x i s .  Only i n t r a ­

branch  s c a t t e r i n g  in v o lv in g  th e  o u te r  e x c i t o n - p o l a r i t o n  b ranch  could
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be observed  i n  th e se  one phonon s c a t t e r i n g  p r o c e s s e s .  In n e r  branch

p a r t i c i p a t i o n ,  however, was w itn e s se d  in  a two-phonon s c a t t e r i n g  

(29)p ro c e s s  which o c c u r re d  when th e  i n c i d e n t  l a s e r  f req u en cy  was

above th e  l o n g i t u d i n a l  e x c i to n  f req u e n c y .  These two-phonon e f f e c t s

a r e  p o s s i b l e  due to  th e  a n i s o t r o p i c  and p i e z o e l e c t r i c  p r o p e r t i e s  o f

CdS ( th e  l a t t e r  e f f e c t  a l s o  be ing  r e s p o n s ib l e  f o r  th e  o b s e rv a t io n

of th e  " fo rb id d e n "  TA phonon which was f i r s t  observed  in  C d S ^ ^  -

see  Chap. I I ,  Sec. B). The B -e x c i to n  was a l s o  i n v e s t i g a t e d  by t h i s  

(31)same g roup . These RBS experim en ts  proved to  be ex trem ely  i n t e r ­

e s t i n g  s in c e  t h i s  e x c i to n  re so n an ce  was shown to  e x h i b i t  e i t h e r  a two 

o r  t h r e e  branch  b e h a v io r  f o r  th e  i n c id e n t  l a s e r  l i g h t  p o l a r i z e d  e i t h e r  

p a r a l l e l  o r  p e r p e n d ic u la r  to  th e  c r y s t a l  c - a x i s .  T h is  th r e e  b ranch  

b e h a v io r  r e s u l t s  from term s l i n e a r  in  w avevector  i n  th e  B -e x c i to n  

energy  which p roduces  a mixing among i t s  ground s t a t e s .  As in  the 

A -e x c i to n  c a s e ,  b o th  TA and LA one phonon s c a t t e r i n g  was obse rved ,

a l th o u g h  no two phonon s c a t t e r i n g  p ro c e s s e s  were s een .

(32)Yu and E v a n g e l i s t i  have a l s o  c a r r i e d  ou t  an i n v e s t i g a t i o n  of

RBS in  CdS. They have c o n s id e re d  th e  r o l e  o f  the  ABCs in  d e te rm in in g

th e  c ro s s  s e c t i o n ,  as  proposed  by BZB, and have su g g es ted  a new model

f o r  th e  CdS s u r f a c e  in c lu d in g ,  fo l lo w in g  H opfie ld  and Thomas, a s u r f a c e

"dead l a y e r "  w i th  a l a r g e  damping c o n s ta n t  w ith  which they  were ab le

to  f i t  t h e i r  c ro s s  s e c t i o n  d a ta  re a so n a b ly  w e l l .

(33)B ro se r  and Rosenzweig have r e c e n t l y  perform ed RBS experim en ts  

on CdS w h i le  th e  c r y s t a l  was s u b je c te d  to  h ig h  m agnetic  f i e l d s  (H £  c ) .
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TDue to  th e  f i e l d  induced  mixing and s p l i t t i n g  o f  th e  a l low ed  r 5 and

fo rb id d e n  r g s t a t e s  o f  th e  A -e x c i to n  (see  Chap. I I ,  Sec. D) a t h r e e

p o l a r i t o n  branch  model was used to  f i t  the  B r i l l o u i n  s h i f t  d a t a .  The

LA Stokes  l i n e  co rre sp o n d in g  to  o u te r  branch  s c a t t e r i n g  a t  H = 0 was

seen  to  s p l i t  i n t o  t h r e e  s u b - l i n e s  w i th  in c r e a s in g  m agne tic  f i e l d .

For a  f ix e d  f i e l d ,  th e  B r i l l o u i n  s h i f t s  o f  th e s e  t h r e e  l i n e s  were

t h e o r e t i c a l l y  f i t t e d  by c o n s id e r in g  in t e r b r a n c h  and in t r a b r a n c h  LA

phonon s c a t t e r i n g  between th e  two o u te r  p o l a r i t o n  b ran ch es  o n ly .

TThese f i t s  r e s u l t e d  in  the  d e te rm in a t io n  o f  th e  s i n g l e t  ( r 5 ) —

t r i p l e t  (Tg) energy  s p l i t t i n g .  C orrespond ing  s p l i t t i n g  o f  the  TA

S to k e s - l i n e  cou ld  n o t  be r e s o lv e d  i n  th e s e  e x p e r im e n ts .

Cadmium s e le n i d e  i s  a n o th e r  I I - V I  w u r t z i t e  sem iconduc to r  in

(34>which RBS has  been i n v e s t i g a t e d  by Hermann and Yu. In  a d d i t i o n

to  o b se rv in g  s i m i l a r  LA and TA s c a t t e r i n g s  as  in  th e  ca se  o f  CdS, 

non-w avevector c o n se rv in g  s c a t t e r i n g  p ro c e s s e s  in v o lv in g  d e f e c t s  were 

a l s o  o bserved  n e a r  th e  A -e x c i to n  i n  CdSe. No two phonon s c a t t e r i n g  

p ro c e s s e s  were o b se rv ed ,  how ever. A two branch  model was used to  f i t  

the  measured B r i l l o u i n  s h i f t s  which r e s u l t e d  s o l e l y  from o u te r  p o l a r i ­

ton  b ranch  s c a t t e r i n g s .

c .  O ther  C r y s ta l  S t r u c t u r e s

The la y e re d  sem iconductor  Hgl2 was i n v e s t i g a t e d  n e a r  i t s

(35)A -e x c i to n  by Goto and N is h in a .  T h is  sem ico n d u c to r ,  l i k e  CdS, i s

h ig h ly  a n i s o t r o p i c  w i th  s i n g l e  LA phonon s c a t t e r i n g  b e in g  o bserved  in  

th e  [001] d i r e c t i o n  w h ile  b o th  LA and TA s c a t t e r i n g  p ro c e s s e s  were
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w itn e sse d  i n  th e  [201] d i r e c t i o n .  A l l  B r i l l o u i n  s h i f t  d a t a  was 

f i t t e d  u s in g  a  tw o-branch  model.

The n = 2 P ye llow  e x c i to n  s t a t e  i n  the  cub ic  c r y s t a l  Cu^O has 

r e c e n t l y  been i n v e s t i g a t e d  by So u s in g  RBS. T h is  e x c i to n  s t a t e ,  

however, i s  on ly  weakly d ip o le  a llow ed and does n o t  coup le  very  

s t r o n g ly  to  p h o to n s .  Only th e  p h o to n - l ik e  in n e r  p o l a r i t o n  b ranch  

was observed  th ro u g h o u t  th e  re so n an ce  r e g io n  o f  t h i s  e x c i to n  s t a t e .

E. PRESENT STUDY -  CdS

The m o t iv a t io n  to  s tu d y  CdS stem s from p a s t  RBS and r e f l e c t i v i t y  

experim en ts  which were d e s c r ib e d  e a r l i e r  i n  t h i s  c h a p te r .  These 

s tu d i e s  have i l l u s t r a t e d  v e ry  c l e a r l y  th e  s p a t i a l  d i s p e r s iv e  f e a t u r e s  

a s s o c i a t e d  w i th  th e  A (as  w e l l  as  th e  B) e x c i to n .

The purpose  o f  th e  c u r r e n t  r e s e a r c h  w i l l  now be d i s c u s s e d .  F i r s t ,  

i t  shou ld  be n o te d  t h a t  most o f  th e  RBS experim en ts  rev iew ed  in  Sec. D 

employed a g r a t i n g  s p e c t ro m e te r  f o r  th e  s p e c t r a l  a n a l y s i s  o f  the  

s c a t t e r e d  l i g h t  which p re c lu d e d  measurements of l in e w id th .  A d d i t i o n a l ly ,  

f o r  CdS, no in n e r  p o l a r i t o n  branch  p a r t i c i p a t i o n  was observed  in  the  

one-phonon RBS s p e c t r a .  In  o r d e r  to  ex tend  th e se  p re v io u s  RBS i n v e s t i ­

g a t i o n s ,  h ig h e r  r e s o l u t i o n  i s  c l e a r l y  d e s i r a b l e .  T h is  can be accom­

p l i s h e d  by p la c in g  a t r i p l e  pass  F a b ry -P e ro t  i n t e r f e r o m e t e r  in  s e r i e s  

w ith  a  tandem g r a t i n g  s p e c t ro m e te r .  A s i n g l e  mode dye l a s e r  i s  used 

to  e x c i t e  th e  e x c i to n  resonance  w h ile  th e  c r y s t a l  te m p e ra tu re  i s  main­

ta in e d  a t  4 .2°K  i n  o r d e r  to  reduce  phonon r e l a t e d  broadband background 

e m is s io n .  Using t h i s  e x p e r im e n ta l  te c h n iq u e ,  a c c u r a te  measurements o f
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B r i l l o u i n  s h i f t s  r e s u l t i n g  from s c a t t e r i n g  between bo th  p o l a r i t o n  

b ran ch es  can be o b ta in e d ,  y i e l d i n g  more a c c u ra te  d e te rm in a t io n s  of 

th e  e x c i to n  p a ra m e te rs  ( e . g . ,  e f f e c t i v e  m ass, t r a n s v e r s e  f req u en cy ,

LT s p l i t t i n g ) .  In  a d d i t i o n ,  l i n e w id th  measurements o f  v a r io u s  

B r i l l o u i n  components can be r e c o rd e d  y i e l d i n g  in fo rm a t io n  on p o l a r i t o n  

l i f e t i m e s .

Second, th e  work o f  Yu and E v a n g e l i s t i  can be ex tended  by 

m easuring  b o th  r e f l e c t i v i t y  and B r i l l o u i n  s c a t t e r i n g  s p e c t r a  from 

th e  same CdS sam ple , as  was p r e v io u s ly  done by Bruce and Cummins.

S ince  th e  e l e c t r o m a g n e t i c  boundary  c o n d i t io n s  e n t e r  i n t o  bo th  the  

r e f l e c t i v i t y  and th e  B r i l l o u i n  s c a t t e r i n g  c ro s s  s e c t i o n ,  s e l f  c o n s i s ­

t e n t  f i t s  to  b o th  s e t s  o f  d a ta  can p ro v id e  a more r ig o ro u s  t e s t  of 

proposed  ABCs th an  can  c ro s s  s e c t i o n  d a ta  a lo n e .

F .  CONTENTS OF OTHER CHAPTERS

The p r o p e r t i e s  o f  th e  CdS c r y s t a l ,  in c lu d in g  i t s  normal modes, 

energy  l e v e l s  and e x c i to n  s e r i e s  a r e  d is c u s s e d  i n  Chap. I I .  In  

Chap. I l l ,  a  p o l a r i t o n  formed from th e  c o u p l in g  between an e l e t r o -  

m agne tic  wave and a l o c a l  p o l a r  e l e c t r o n i c  re so n an ce  i s  examined in  a 

c l a s s i c a l  d i e l e c t r i c  medium. A n o n l in e a r  co u p lin g  between t h i s  p o l a r i ­

ton  and th e  s t r a i n  a s s o c i a t e d  w ith  a l o n g i t u d i n a l  a c o u s t i c  mode i s  

e s t a b l i s h e d .  An e x p re s s io n  f o r  the  i n t e r n a l  d i f f e r e n t i a l  s c a t t e r i n g  

c ro s s  s e c t i o n  d e s c r ib in g  th e  p o l a r i t o n - a c o u s t i c  mode s c a t t e r i n g  p ro cess  

i s  o b ta in e d .  A s i m i l a r  a n a l y s i s  i s  made in  Chap. IV, b u t  w ith  the 

p o la r i to n -p h o n o n  s c a t t e r i n g  p ro c e s s  o c c u r r in g  in  a  s p a t i a l l y  d i s p e r s i v e
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medium and w ith  a quantum m echan ica l  ( r a t h e r  than  c l a s s i c a l )  approach . 

In  b o th  c h a p t e r s ,  th e  c o n n e c t io n  between th e  i n t e r n a l  and e x t e r n a l  

d i f f e r e n t i a l  s c a t t e r i n g  c ro s s  s e c t i o n s  i s  e s t a b l i s h e d  v i a  the  

f a c t o r i z a t i o n  p ro ced u re :

(jg> - T(" l )T' (“s )  ( f )  (1 .14)
EXT 2 ,  , ail INT

n (oj„) s  s

Here T a n d  T’ (ojs ) a r e  th e  i n c i d e n t  and s c a t t e r e d  t r a n s m i s s i v i t y  

f a c t o r s  r e l a t i n g  pho tons o u t s id e  th e  c r y s t a l  to  p o l a r i t o n s  i n s i d e .  

These f a c t o r s  a r e  e s p e c i a l l y  im p o r ta n t  f o r  th e  s p a t i a l l y  d i s p e r s i v e  

medium s in c e  th ey  b o th  a r e  e x tre m e ly  s e n s i t i v e  to  th e  ABCs. The 

n g (o)s ) te rm  i n  th e  denom inator  o f  Eq. (1 .1 4 )  i s  th e  r e f r a c t i v e  index  

o f  th e  s c a t t e r e d  p o l a r i t o n  which r e s u l t s  from th e  s o l i d  a n g le  c o r r e c ­

t i o n  f a c t o r :

INT
rdn 1 (1 .15 )
t o x T J  = ~ T —

ns (“ s )

The e x p e r im e n ta l  a rran g em en ts  f o r  th e  RBS and r e f l e c t i v i t y  exp er im en ts  

a r e  d e s c r ib e d  i n  Chap. V. In  Chap. VI, th e  r e s u l t s  o f  the  RBS and 

r e f l e c t i v i t y  experim en ts  perform ed n ea r  th e  A -ex c i to n  in  CdS a re  p r e ­

s e n te d .  These r e s u l t s  a r e  th en  d is c u s s e d  in  Chap. V II to g e th e r  w ith  

s u g g e s t io n s  f o r  f u t u r e  e x p e r im e n ts .
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CHAPTER I I  

CdS STRUCTURE AND PROPERTIES

A. UNIT CELL, GROUP SYMMETRY AND THE CHARACTER TABLE

Cadmium s u lp h id e  c r y s t a l l i z e s  in  th e  w u r t z i t e  s t r u c t u r e  which belongs  

to  th e  CgV space  g r o u p . A s  shown in  F ig .  2 -1 , the  w u r t z i t e  u n i t  c e l l  

c o n ta in s  fo u r  b a s i s  io n s :  two cadmium io n s  ( c a t io n s )  l o c a te d  a t  (0 , 0 , 0 )

and ( a /3 ,  2 a /3 ,  c /2 )  and two s u lp h u r  io n s  (an io n s )  lo c a te d  a t  (0 ,  0, u) and 

( a /3 ,  2 a /3 ,  u+c/2); The c o n v e n t io n a l  hexagona l axes  ( a 1# a 2, a.g) have been
0 o

used w ith  l a t t i c e  p a ra m e te rs  a  = 4.16A, c = 6.75A and u = 0 .3 7 5 c .  Each
1

b a s i s  io n  r e p r e s e n t s  a hexagona l B rava is  l a t t i c e  where every  c a t i o n  has 

fo u r  a n io n s  as- n e a r e s t  n e ig h b o rs  p o s i t i o n e d  a t  th e  c o rn e r s  of a  t e ta h e d r o n .  

Both th e  c a t io n s  and a n io n s  have s i t e  symmetry C^v «

The sym m etries o f  normal modes i n  the  long  w aveleng th  l i m i t ,  as w e l l  

a s  th e  sym m etries  o f  e l e c t r o n i c  bands a t  the  z o n e -c e n te r  can be de te rm ined  

by n e g l e c t i n g  t r a n s l a t i o n s  and c o n s id e r in g  only  th e  symmetry o p e r a t io n s  of 

th e  m acroscop ic  p o in t  group Cgy* The e f f e c t s  o f  s p in  a r e  d e s c r ib e d  by 

th e  c r y s t a l  double  group , th e  c h a r a c t e r  t a b l e  o f  which i s  g iven  in  Table 

2- 1 .

B. NORMAL VIBRATIONAL MODES

The p re se n c e  o f  fo u r  io n s  p e r  u n i t  c e l l  in  CdS r e s u l t s  in  tw elve 

normal v i b r a t i o n a l  modes. A group t h e o r e t i c a l  a n a l y s i s  u s in g  Table 2-1 

p r e d i c t s  t h a t  th e  tw elve  B r i l l o u i n  z o n e -c e n te r  modes have the  fo l lo w in g  

sym m etries : 21^ +  2r^  + 2T5 + 2Tg. An i n s p e c t io n  o f  the  c h a r a c t e r  t a b l e

shows t h a t  bo th  th e  components o f  a v e c to r  as  w e l l  a s  th e  e lem en ts  of the  

p o l a r i z a b i l i t y  t e n s o r - t r a n s f o r m  acc o rd in g  to  th e  n o n -d e g e n e ra te  and 

th e  doubly d e g e n e ra te  T5 r e p r e s e n t a t i o n s .  Two o f  th e s e  (T1 + r 5) 

accoun t f o r  a l l  t h r e e  a c o u s t i c  modes, w h ile  th e  second p a i r  acc o u n ts  f o r
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boch i n f r a r e d  and Raman a c t i v e  o p t i c  modes. F u r th e r  in s p e c t io n  of the 

c h a r a c t e r  t a b l e  shows t h a t  th e  two doubly  d e g e n e ra te  T- modes a re  a l s o

Raman a c t i v e  and th e  two modes a r e  b o th  i n f r a r e d  and Raman i n a c t i v e .

The i o n i c  d is p la c e m e n t  (phonon p o l a r i z a t i o n ) f o r  the  and 

modes i s  a long  the  z - a x i s  ( c - a x i s ) ,  w h ile  f o r  the  doubly  d e g e n e ra te  f -  and 

r„ modes th e  d is p la c e m e n ts  a re  i n  th e  xy p la n e .  The i n f r a r e d  a c t i v e  f .o 1

and T- modes r e s u l t  from th e  an ions  and c a t io n s  moving in  o p p o s i t e  phase ,

w h ile  th e  T, and [h modes r e s u l t  from l i k e  ions  moving i n  o o o o s i t a  phase .
» 3 C

The f r e q u e n c ie s  o f  the  norm al o p t i c  modes ^ 9 \ i a v e  been measured' e x p e r i ­

m e n ta l ly  by i n f r a r e d  a b s o r p t i o n ,  i n f r a r e d  r e f l e c t i v i t y , f l u o r e s ­

c e n c e , ^ 3  ̂ and Raman s c a t t e r i n g . T h e  r e s u l t s  o f  th e  Raman s c a t t e r ­

in g  ex p e r im en ts  a r e  shown in  T ab le  2-2*. Mote t h a t  f o r  i n f r a r e d  a c t i v e  

modes (T^ and " g J t  Che m acroscop ic  e l e c t r i c  f i e l d  a s s o c i a t e d  w i th  the  

l o n g i t u d i n a l  phonons l i f t s  th e  degene racy  o f  th e  t r a n s v e r s e  and l o n g i ­

tu d i n a l  phonons.

The f r e q u e n c ie s  o f  the  norm al a c o u s t i c  modes a re  v e ry  much s m a l le r  

than  chose of th e  norm al o p t i c  modes n e a r  th e  z o n e - c e n te r .  Thus, th e  

3r i l l o u i n  spectrum  i s  r e s t r i c t e d  to  a s p e c t r a l  r e g io n  which i s  much 

s m a l le r  than  chac o f  th e  Raman spec trum .

The p r o p e r t i e s  o f  th e  lo n g  w aveleng th  a c o u s t i c  mode can be d e r iv e d  

by c o n s id e r in g  th e  c r y s t a l  as  an e l a s t i c  continuum  and a p p ly in g  the  

c l a s s i c a l  th e o ry  o f  e l a s t i c i t y . ^ 3, The g e n e r a l i z e d  Hooke's  law

r e l a t i n g  th e  s t r e s s  and s t r a i n  t e n s o r s  a r e :

s «  * c t j t a  * *  « , i .  •«. * - 1 . a .  «  « ■ ;>

where the  3h. , a r e  the  components o f  th e  sec o n d - ra n k  s t r e s s  t e n s o r ,  5, 
r j  <*■

a re  th e  components of the  seco n d -ran k  s t r a i n  t e n s o r  a s s o c i a t e d  w ith  the 

a c o u s t i c  mode and a r e  the  e l a s t i c  s t i f f n e s s  c o n s t a n t s .  The
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Fig) 2-1 Unit c e l l  o f  CdS

S t r u c t u r e :  w u r tz i t e
0

L a t t i c e  Parameters :  a = 4.16A

u = 2.53A

Space Group: C

c = 6.75A 

9 = 120°

6 V
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2 Cadmium 0  

2 Su l fu r

P o s i t io n s  

{ 0 ,0 ,0 )a ,  ( a / 3 , 2 a / 3 , c / 2 )  

( 0 , 0 , u ) ,  ( a /3 ,2 a /3 ,u + c /2 )

S i t e  Symmetries

C3V

C3V
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TABLE 2-1 CHARACTER TABLE AND BASIS FUNCTIONS

FOR THE GROUP C ,„ a  ov

C? -  _ -3oj 3a
T E E  —  2C3 2C3 2C6 2G, , ^  __  < B as is  F u n c t io n s

^2   J crd

Ti 1 1 1 1 1 1 1 1 1 x2+y2 , z2 z

^2 1 1 1 1 1 1 •;1 -1 -1 Rz

r 3 1 1. -1  1 1 . ~ l -1 1 -1 x 3-3xy 2

r«» 1 1 -1  1 1 -1 -1 -1 1 y 3-3yx2

r 5 2 2 -2  -1 -1  1 1 0 0 (x z ,y z ) (x ,y )
(Rx, Ry) J

r s 2 2 2 -1 -1  -1 -1 0 0 x2- y 2 , xy

r 7 2 -2 0 1 - 1  /3 V 3 0 0 t ( £»- £) » $(&>£)>

r 8 2 -2 0 1 - 1  - /  3 ✓ 3 0 0 r ?x r 3

r9 2 -2 0 2 2 0 0 0 0 U C f v -  f - ) ♦ ^7*T^}

a
C h a ra c te r  t a b l e  ta k e n  from R e f . 38, p .  67.

B as is  fu n c t io n  $ ( J ,  m) means a  f u n c t io n  which tran s fo rm s  

l i k e  an e i g e n s t a t e  o f  th e  a n g u la r  momentum o p e r a to r  J  o f  

t o t a l  a n g u la r  moment J  and z component m.
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TABLE 2 -2 .  FREQUENCIES (cm” 1) OF NORMAL OPTIC MODES 

IN CdS (From R ef.  44)

(qJLc)

( q l I c )  

(qj_c and 

(q ]c )

O ptic  Mode Frequency (cm” 1 )

r  (TO) 228
1

r  (LO) 305
1

11 | C.) r  (TO) 235
5

r  (LO) 305
5

r  44
6

r 252
6
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components o f  th e  s t r a i n  a r e  d e f in e d  by

V ' 7 (V  + \ k ) (2 ' 2)

where i 9 th e  g r a d i e n t  f o r  th e  l o c a l  d isp la cem e n t  v e c t o r  û .

The g e n e r a l  form f o r  the  e q u a t io n  o f  m otion o f  a d isp la c e m e n t  in  

an e l a s t i c  continuum  i s :

32u
Pu, -  j - Z  (2 .3 )i ijkA 3xj3x^

where P i s  th e  c r y s t a l  d e n s i t y  and damping i s  ig n o re d .  We seek  p la n e  

wave s o l u t i o n s  f o r  u^ o f  th e  form exp i ( q * x - o j t ) :

pi“2ui  ’  c i j k t  V k qo <2-4)

For a  p a r t i c u l a r  c r y s t a l  symmetry and a  g iven  d i r e c t i o n  f o r  the  

w avevec to r  q ,  th e  above e q u a t io n  can be d ia g o n a l iz e d  and w i l l  y i e l d  

t h r e e  v e l o c i t y  e ig e n v a lu e s  a long  w i th  th r e e  d isp la c e m e n t  e ig e n v e c to r s .

In  the  ca se  o f  CdS, i f  we choose q to  be i n  th e  x - d i r e c t i o n ,  then  w ith  

th e  h e lp  of T a b l e 2-3, Eq. 2 .4  s i m p l i f i e s  to  th e  fo l lo w in g  th r e e  uncoupled

e q u a t io n s  f o r  U j , a , , u- (u , u , u ) :  * 3 x y z

p<i)2U]̂  “ Ci i u i q i2 ( l o n g i t u d i n a l ) (2 .5 )

pui2u2 = Ctt6U2q i ( t r a n s v e r s e ) (2 . 6 )

poi2u 3 » CU4U3q i2 ( t r a n s v e r s e ) (2 .7 )

w ith  c o r re sp o n d in g  v e l o c i t y  e ig e n v a lu e s :

CLA <2 ‘ 8>

ct -  / C U f r i i  (2 .9 )
1 * 2P

CTA2 “ / C 5S /p l ( 2 -10)
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E ig en v a lu es  and e ig e n v e c to rs  f o r  o t h e r  q d i r e c t i o n s  a re  l i s t e d  in  the 

f i r s t  and l a s t  columns o f  T ab le  2 -4 .

The e f f e c t  o f  th e  sound waves on th e  o p t i c a l  p r o p e r t i e s  o f  the  c r y s ­

t a l  i s  de te rm ined  v i a  th e  e l a s t o o p t i c  e f f e c t  which r e l a t e s  th e  d i s t o r t i o n  

in  th e  d i e l e c t r i c  t e n s o r  to  th e  s t r a i n  a s s o c i a t e d  w ith  th e  a c o u s t i c  mode:

4 e iJ  “  " e l i Ej J Pijk J luk i  ( 2 . 11)

“ h e re  Pl j k l  a r e  th e  P o c k e l’ s e l a s t o o p t i c  c o e f f i c i e n t s  and th e  xyz axes 

a r e  chosen  to  co rrespond  to  th e  p r i n c i p a l  axes o f  th e  d i e l e c t r i c  te n s o r .

B r i l l o u i n  s c a t t e r i n g  te n s o r s  can be o b ta in e d  w ith  the  use o f  Eqs.

2 .4  and 2 .1 1 .  This  has  been done f o r  a l l  th e  c r y s t a l  c l a s s e s  by Cummins 

(47)and Schoen. The t h i r d  column i n  Tab le  2-4 l i s t s  the  B r i l l o u i n

s c a t t e r i n g  t e n s o r s  f o r  a c o u s t i c  modes w i th  two s e l e c t e d  d i r e c t i o n s  of 

the  phonon w avevector  q i n  th e  hexagona l c r y s t a l  c l a s s  C .6 V

The p o l a r i z a t i o n  s e l e c t i o n  r u l e s  a r e  now e a s i l y  d e r iv e d  f o r  B r i l l o u in  

s c a t t e r i n g  from a CdS c r y s t a l .  I f ,  f o r  exam ple, a b a c k s c a t t e r i n g  geometry 

i s  c o n s id e re d  w ith  th e  i n c i d e n t  l i g h t  p ro p a g a t in g  in  the  x - d i r e c t i o n ,  i t  

th en  tu r n s  o u t  t h a t  th e  w avevector  q o f  th e  phonon must a l s o  p ro p ag a te  in  

th e  x - d i r e c t i o n  in  o r d e r  t o  con se rv e  c r y s t a l  momentum. Using Table 2-4 , 

i t  i s  found t h a t  on ly  th e  l o n g i t u d i n a l  a c o u s t i c  phonon w i l l  c o n t r i b u te  

to  th e  B r i l l o u i n  s c a t t e r i n g  (see  T ab le  2-5 f o r  s e l e c t i o n  r u l e s ) .

In a d d i t i o n ,  f o r  n o n -c e n t ro sy m m e tr ic a l  c r y s t a l s ,  th e  s t r a i n  o f  the  

a c o u s t i c  mode can a l s o  c o n t r i b u t e  to  th e  p o l a r i z a t i o n  accompanying t h i s  

mode th rough  th e  p i e z o e l e c t r i c  e f f e c t :

Pi  "  e i j k  uj k  ( i ,  j ,  k = 1 ,  2, 3) (2 .12 )

where ^  a r e  th e  p i e z o e l e c t r i c  s t r e s s  c o n s t a n t s .  T h is  r e s u l t s  in  an 

e l e c t r i c  f i e l d  which i s  p a r a l l e l  to  the  d i r e c t i o n  o f  the  a c o u s t i c  wave­

v e c t o r  q (known as the  l o n g i t u d i n a l  e l e c t r i c  f i e l d ) .
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For th e  l i g h t  s c a t t e r i n g  geometry c o n s id e re d  e a r l i e r  f o r  the  CdS 

c r y s t a l ,  q^ ■ q 1 (q^) and u ^  “ u^q^ * u^q^ i f  p la n e  wave s o l u t i o n s  a re  

assumed a s  b e f o r e  f o r  th e  d is p la c e m e n t  v e c t o r  u:

E. -  4 ir i  (q ) 2 e . , . u . i  i  -  / - I  (2 .14)
lo n g  eq 1 1j 1 j

The o n ly  n o n -z e ro  p i e z o e l e c t r i c  c o n s ta n t  i s  e 131( e 15 in  c o n t r a c te d  n o ta ­

t i o n ;  se e  Tab le  2 - 6 ) .  Thus, th e  component o f  th e  d isp la cem e n t v e c to r  i s  

u 3. which c o r re sp o n d s  to  a t r a n s v e r s e  a c o u s t i c  mode.

The p i e z o e l e c t r i c a l l y  induced  l o n g i t u d i n a l  e l e c t r i c  f i e l d  a s s o c i a t e d  

w i th  th e  TA phonon c o u p le s  v e ry  s t r o n g ly  w i th  an e x c i to n  (n ea r  re sonance)  

v i a  th e  F ro h l ic h  i n t e r a c t i o n .  T h is  c o u p l in g -a l lo w s  th e  TA phonon to  p a r ­

t i c i p a t e  i n  th e  r e s o n a n t  B r i l l o u i n  s c a t t e r i n g  of e x c i t o n - p o l a r i t o n s  (see  

Chap. IV ).  I t  i s  known as  f o rb id d e n  s c a t t e r i n g  s in c e  the  s e l e c t i o n  r u l e s  

i l l u s t r a t e d  i n  T ab le  2r5 (based on th e  P o c k e l ’ s c o e f f i c i e n t s )  i n d i c a te d  

t h a t  no TA phonon c o u ld  p a r t i c i p a t e  i n  th e  B r i l l o u i n  s c a t t e r i n g  f o r  the  

b a c k s c a t t e r i n g  geom etry  under c o n s id e r a t io n .

C. ENERGY BANDS

The band s t r u c t u r e  o f  C d S ^ ^  a t  £=0 i s  g iv e n  in  F ig .  2-2 showing 

th e  sym m etries o f  th e  lo w e s t  co n d u c t io n  band (T^) and th e  two h ig h e s t  

v a le n c e  bands (1*̂  and Tg)* In  th e  p re se n c e  of s p i n - o r b i t  s p l i t t i n g ,  the  

doubly  d e g e n e ra te  r 5 v a le n c e  band s p l i t s  i n t o  r g and ?7 sym m etries  w ith  

ly in g  h ig h e r  i n  energy  than  V7 w h ile  the  co n d u c t io n  and low er v a le n c e  

b an d s ,  bo th  hav ing  T1 symmetry, become T7 . The ?7 c o n d u c t io n  band and 

th e  v a le n c e  band a re  tw o - fo ld  s p in  d e g e n e ra te  and have ex trem a a t  the

c e n t e r  o f  th e  B r i l l o u i n  zone. The two r 7 v a le n c e  bands have a  k - l i n e a r  

term a s s o c ia t e d  w i th  t h e i r  s t r u c t u r e  f o r  k J_ c (see  S e c t io n  D ) .



TABLE 2-3 ELASTIC STIFFNESS CONSTANTS FOR C ,  SYMMETRY6v
(From R ef. 45, p!41)

C1 1 C12  C13

C21  C2 2  C23

C31 C3 2  C3 3

CS5

V alues f o r  CdS C22 a “ 9 .07

from Ref. 58 C,„ -  C„, -  5 .81
( in  u n i t s  1010 N/m2 )

C22 c n

CI2 = C21

C13
a

C31

C55
a

c „ . a C11

C6 6

C32  *  C23  “  5 *1 0

» 1.504

66
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TABLE 2-4 SCATTERING TENSOR X, EIGENVALUES pv2 AND EIGENVECTORS u 

OF PHONONS TRAVELING IN THE DIRECTION <? IN THE HEXAGONAL

CRYSTAL CLASS Cgv

<1 pv X U

[ 100]

x - p h o n o n C ^
. e . 2 f u  0 0

°  S . 2pu  0 
0 0 « . 2P 31 ,

[ 100]

L o n g i tu d in a l

C66

0 e 5 P „ - P u )/2 0

e . 2 (PU - !’l 2) / 2  0 0
0 0 0

[010 ]

t r a n s v e r s e

C
0 0 £oee V  
0 0 0

' e . z J u * .  0 0 •

[001]

t r a n s v e r s e

[110] c
x+y U 2" 1 ' 1
phonon

S. 2 (PU +P12) * . 2 <P U - P 12> 0

• / ( ' u - ' u '  e . 2 (P11+P12> 0 
0 0 2c e 2P 31

[110]

lo n g i t u d i n a l

C —11 2

’e . 2 <P U - P12> 0 0 '

0 s . 2 (p u - p n >  0 
0 0 0 .

[ 110]
t r a n s v e r s e

c ,»

o o e e P..a e
0 0 e e P. ,o e 44

s s P, . e e P . .  0 « e '•‘i « e ***♦

[001]

t r a n s v e r s e

P . .  = P o c k e l 's  c o e f f i c i e n t s
i j

e0 >Ee a d i e l e c t r i c  c o n s ta n t s :  o rd in a ry  and e x t r a o r d in a r y
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TABLE 2-5 BRILLOUIN SCATTERING TENSOR COMPONENTS OF A WURTZITE CRYSTAL 

(C ) FOR LIGHT INCIDENT ALONG [100] AND SCATTERED ALONG [100]

WITH PHONON PROPAGATION ALONG [100]

u x |y y |x  x | y z | x  x |z y [ x  x | z z | x

[100] L o n g i tu d in a l  e o2**l2 ® ® e e2**31

[010] T ra n s v e rs e  

[001] T ra n sv e rs e
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TABLE 2-6 PIEZOELECTRIC CONSTANTS FOR C SYMMETRY6 V
(From Ref 45, p 124)

0 0

0 0

e e
31 3

v a lu e s  f o r  CdS 

from Ref. 59 

( in  u n i t s  C/m2)

' 1 5

e_. 02<4

33

e 3 e
15 2 4

e 31 50 e 32

' 33

- 0 . 21

- 0 ,2 5

0 .49
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1*1 CONDUCTION BAND

r i -

-  r 7 

r 7

(A)

CF ?
(B)

(C) J

VALENCE
BANDS

FIG. 2 -2 .  BAND STRUCTURE OF CdS

CdS: Eg= 2.582 eV (Band Gap)

Asq= 0 .016  eV (S p in -O rb i t )

0 .07  eV ( C r y s ta l  F ie ld )
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D . EXCITON SERIES

An e l e c t r o n  i n  the  co n d u c t io n  band can combine w ith  a h o le

from e i t h e r  th e  r g , upper T7 o r  low er T7 v a le n c e  band form ing the  

A, B o r  C e x c i to n  s e r i e s  r e s p e c t i v e l y .  (The h y d r o g e n ic - l ik e  energy 

l e v e l s  o f  th e  coulomb-bound e l e c t r o n - h o l e  s y s te m .)  The f i r s t  i n d i ­

c a t i o n  o f  a  p o s s i b l e  hyd ro g en ic  e x c i to n  s e r i e s  i n  CdS was observed
(49)

i n  a b s o r p t io n  measurements by Gross e t  a l .  and in  r e f l e c t i v i t y

measurements by D utton  and Thomas and H o p f ie ld .

The l S - s t a t e  o f  th e  A -e x c i to n  s e r i e s  has o v e r a l l  symmetry

T. x T x T- = r c + r .  where b o th  the  r c and T- a re  tw ofo ld  degene- 1 y 7 3 b 3 b
rate at k ■ 0, The r5 level, which transforms like Px  and Py (i.e.,

l i k e  x and y ) ,  i s  a c c e s s i b l e  from th e  group symmetry by a d ip o le

(52) (53)a l lo w ed  t r a n s i t i o n  and has  been o bserved  as  a s t ro n g  a b s o rp t io n

l i n e  and a sh a rp  r e f l e c t i v i t y  p e a k ^ ^  when th e  i n c i d e n t  e l e c t r o ­

m agnetic  wave i s  p o l a r i z e d  p e r p e n d ic u la r  to  th e  c - a x i s  (E J_ c ) . The 

Tg l e v e l  i s  a p u re  t r i p l e t  s t a t e  ( e l e c t r o n  and h o le  s p in s  a r e  p a r a l l e l )  

w hich has  been  observed  in  a b s o r p t io n  ex p e r im en ts  as  a  weak " fo rb id d e n "  

t r a n s i t i o n w h e n  E | | c .

The IS s t a t e  o f  the  B (and a l s o  C) e x c i to n  s e r i e s  has  symmetry 

r i x r 7 x. r 7 = r : + r 2 + r 5 , where r i ( t r a n s fo rm s  l i k e  z) and ?2 

(pu re  s p in  t r i p l e t )  a r e  n o n d eg en e ra te  a t  k -  0 .  As ex pec ted  f o r  the  

T1 and Ts sym m etr ies ,  th e  n ■ 1 B -e x c i to n  s t a t e  has  been observed  in  

r e f l e c t i v i t y  and a b s o r p t io n  experim en ts  as  a d ip o le  a l low ed  t r a n s i t i o n  

f o r  bo th  E| jc  and E ]_ c p o l a r i z a t i o n s .  S e v e ra l  a d d i t i o n a l  f e a t u r e s  

observed  in  th e  A and B e x c i to n  s e r i e s  w i l l  now be d is c u s s e d .
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1. Anisotropy

The d e v i a t i o n  front c u b ic  symmetry in  w u r t z i t e  s t r u c t u r e s  i s  r e ­

f l e c t e d  i n  th e  f a c t  t h a t  th e  co n d u c t io n  and v a le n c e  bands have con­

s t a n t  energy  s u r f a c e s  which a r e  e l l i p s o i d a l .  T h is  in t ro d u c e s  an 

a n i s o t r o p i c  e f f e c t  i n  CdS which i s  sm a ll  enough to  be t r e a t e d  as a 

f i r s t  o rd e r  p e r t u r b a t i o n  on th e  e x c i to n  energy  l e v e l s ;  i t  m ain ly  

l i f t s  th e  h yd rogen ic  I  and ra d e g e n e ra c ie s  le a v in g  th e  s l e v e l s  

u n s h i f  t e d ^ " ^  .

2. K -L inear Term E f f e c t s

Group th e o ry  shows t h a t  energy  bands o f  Ty symmetry shou ld  be 

o f  th e  f o r m ^ ^

E = ACkx2*  ky 2) + Bkz 2±C(kx2+ ky2) 1/2 (2 .15 )

th e  t h i r d  te rm , l i n e a r  i n  k ,  r e p r e s e n t s  th e  s p l i t t i n g  o f  th e  two 

s p in  s t a t e s  by an amount

2C (kx2 + ky2) 1 /z  (2 ,1 6 )

f o r  w avevec to rs  p e r p e n d ic u la r  to  th e  c - a x i s  (k  J_ c ) .  The e x i s t e n c e  

o f  such a term  i n  th e  second v a le n c e  band has  been used to  e x p la in  

th e  anomalous s t r u c t u r e  o f  th e  n = 1 B -e x c i to n  r e f l e c t i v i t y  curve  

in  C dS .(55)

T his  e f f e c t  has been f u r t h e r  s u b s t a n t i a t e d  by r e c e n t  r e so n a n t

(31)B r i l l o u i n  s c a t t e r i n g  ex p er im en ts  n e a r  th e  B -e x c i to n .  However,

s i m i l a r  experim en ts  perform ed in  th e  v i c i n i t y  o f  th e  n =* 1 A -ex c ito n  

in  CdS have n o t  shown such  a k - l i n e a r  e f f e c t .
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3. Exchange I n t e r a c t i o n  E f f e c t s ^ ^ , 6 1 )

The s p l i t t i n g  o f  th e  r 5 and r g l e v e l s  o f  th e  A -ex c i to n  i s  

p r im a r i l y  due to  th e  exchange i n t e r a c t i o n .  The s h o r t  range 

( a n a l y t i c )  p a r t  o f  th e  exchange e f f e c t  l e a d s  to  th e  s p l i t t i n g  of 

th e  d ip o le  a l low ed  r 5 s t a t e  from th e  s p in  t r i p l e t  r g s t a t e .  There 

i s  a l s o  a  long  range  (n o n a n a ly t ic )  exchange c o n t r i b u t i o n  which 

r e s u l t s  i n  th e  l o n g i t u d i n a l - t r a n s v e r s e  s p l i t t i n g  o f  th e  r 5 s t a t e .  

The l a t t e r  e f f e c t  i s  dependent on th e  d i r e c t i o n  o f  th e  e x c i to n  

w avevec to r  k .  For I c | | c ,  Ts c o n s i s t s  o f  two d e g e n e ra te  t r a n s v e r s e  

modes; b u t  f o r  It ]_ c ,  T,. has b o th  l o n g i t u d i n a l  and t r a n s v e r s e  modes 

(denoted  by and r e s p e c t i v e l y  (see  F ig .  2 - 3 ) ) .  Whenever k 

i s  no t  p r e c i s e l y  p a r a l l e l  to  th e  xy p la n e ,  some t r a n s v e r s e  modes 

become mixed w i th  th e  l o n g i t u d i n a l  mode. T h is  e n a b le s  the  

l o n g i t u d i n a l  mode to  be observed  a s  an e s s e n t i a l l y  a llow ed  absorp ­

t i o n  l i n e , ^ " ^
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_L(r5L)

i; x(r5)

C<V

T(r T)
5

s-t
LT

K *1

s-t 1 .6  cm"1 (Ref. 33)

A « 15 .4  cm” * (R ef.  60)Lx

FIG. 2 -3  E x c i to n  l e v e l s  o f  th e  n a 1 A -E xciton  in  CdS

as a f u n c t io n  o f  th e  d i r e c t i o n  o f  K (from R ef. 61, 

p .  2 7 ) .
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CHAPTER III

SCATTERING OF POLARITON MODES VIA THERMALLY EXCITED 

ACOUSTIC MODE FLUCTUATIONS IN A LOCAL MEDIUM-CLASSICAL APPROACH

A. INTRODUCTION

In  t h i s  c h a p te r ,  a s im ple  c l a s s i c a l  approach  to  th e  th e o ry  of 

l i g h t  s c a t t e r i n g  o f  p o l a r i t o n s  by th e rm a l ly  induced  s t r a i n  f l u c t u a ­

t i o n s  i s  p r e s e n te d .  The p o l a r i t o n  i s  formed by th e  c o u p l in g  o f  a 

m acroscop ic  e l e c t ro m a g n e t i c  wave w i th  a l o c a l i z e d  p o la r  e l e c t r o n i c  

d eg ree  o f  freedom i n  th e  medium. The i n t e r n a l  motion o f  t h i s  e l e c ­

t r o n i c  s t a t e  (which i s  e q u iv a le n t  to  an i n f i n i t e  mass e x c i to n )  may 

be d e s c r ib e d  by an e l e c t r i c a l l y  charged  harm onic o s c i l l a t o r .

The medium w i l l  be a s e m i - i n f i n i t e ,  i s o t r o p i c ,  homogeneous, 

a b so rb in g  e l a s t i c  continuum which i s  i n  th e rm a l  e q u i l ib r iu m .  The 

p r o p e r t i e s  o f  p ro p a g a t in g  a c o u s t i c  modes d e s c r ib e d  by th e  e l a s t i c  

wave e q u a t io n  w i l l  be b r i e f l y  rev iew ed , and th e  i n f i n i t e - c r y s t a l  

l i n e a r  re sp o n se  f u n c t io n  f o r  th e  s t r a i n  a s s o c i a t e d  w ith  th e s e  l a t t i c e  

v i b r a t i o n s  w i l l  be d e r iv e d .

A sm a l l  n o n - l i n e a r  c o u p l in g  between the  p o l a r i t o n  and th e  s t r a i n  

i s  in t ro d u c e d  r e s u l t i n g  i n  an anharm onic term  in  the p o l a r i t o n  equa­

t i o n  of m otion . A n o n - l i n e a r  p o l a r i z a t i o n  Pyx, I s  o b ta in e d  which i s  

p r o p o r t i o n a l  to  b o th  th e  s t r a i n  and th e  i n c i d e n t  m acroscop ic  e l e c t r i c  

f i e l d .  I t  i s  t h i s  n o n - l i n e a r  p o l a r i z a t i o n  which r a d i a t e s  th e  i n -  

e l a s t i c a l l y  s c a t t e r e d  l i g h t ,  p ro d u c in g  b o th  S tokes and a n t i - S to k e s  

B r i l l o u i n  components.
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In  g e n e ra l

PNL 3 uxx E4

where x ^  i s  a second o r d e r  s u s c e p t i b i l i t y ,  Uxx i s  th e  am p litu d e  

of th e  s t r a i n  r e s p o n s ib le  f o r  th e  i n e l a s t i c  l i g h t  s c a t t e r i n g  and E4 

i s  th e  complex a m p li tu d e  o f  th e  i n c id e n t  monochromatic e l e c t r i c  

f i e l d .  The power spec trum  o f  th e  complex F o u r ie r  components o f  

th e  s t r a i n  ux x (q,oj) a r e  g iv e n  by th e  f l u c t u a t i o n - d i s s i p a t i o n  theorem 

( a l s o  known as th e  N yquis t th e o re m ):

< ux x (q,w) u£x (q ,u )>  = Im x (q,f*0 (3 .1 )
U TTOJ

where x (q,ui) i s  th e  l i n e a r  re sp o n se  f u n c t io n  o f  th e  s t r a i n  ux x (q ,w ).

Only b a c k s c a t t e r i n g  o f  n o rm ally  i n c i d e n t  l i g h t  by the medium 

w i l l  be s tu d i e d .  The s c a t t e r i n g  geom etry i s  shown in  F ig u re  3 -1 .  We 

n o te  t h a t  f o r  th e  i n c i d e n t  e l e c t r i c  f i e l d  p ro p a g a t in g  in  th e  x -  

d i r e c t i o n  w i th  y - p o l a r i z a t i o n ,  th e  on ly  a l low ed  B r i l l o u i n  s c a t t e r i n g  

i s  by th e  l o n g i t u d i n a l  a c o u s t i c  mode p ro p a g a t in g  i n  th e  x - d i r e c t i o n  

(x [y y ]x } .  T h is  i s  t r u e  f o r  hexagona l as  w e l l  as  i s o t r o p i c  c r y s t a l  

c l a s s e s .
(2 ,  62)

B. LOCAL CLASSICAL OSCILLATOR MODEL IN AN ABSORBING MEDIUM

1. E l e c t r o n i c  Motion

a,. E quation  o f  Motion
(2 )

F ollow ing  th e  t r e a tm e n t  by B u r s te in  and M i l l s  on re so n a n t  

Raman s c a t t e r i n g ,  th e  i n t e r n a l  e l e c t r o n i c  m otions  may be t r e a t e d  as 

a c o l l e c t i o n  o f  damped, n o n - i n t e r a c t i n g  harmonic o s c i l l a t o r s  w ith  

i n t e r n a l  d isp la c e m e n t  r ,  reduced  mass u , e l e c t r o n i c  re sonance  f r e ­

quency uj0 , and e f f e c t i v e  charge  e* . The e q u a t io n  o f  motion i s
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FIG. 3-1  Schem atic  r e p r e s e n t a t i o n  of a backward RBS

experim en t in v o lv in g  a s e m i - i n f i n i t e ,  i s o t r o p i c  

homogeneous, a b so rb in g  l o c a l  medium.
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y("r + Tr + w02 r )  = e*E (3 .2 )

( r  may be c o n s id e re d  as  th e  r e l a t i v e  c o o rd in a te  f o r  th e  e l e c t r o n  and ho le  

i n  a l o c a l i z e d  e x c i to n  s t a t e )  where 1  l a  a  m acroscop ic  e l e c t r i c  f i e l d .

I f  th e  e l e c t r i c  f i e l d  o s c i l l a t e s  w ith  f req u en cy  w, then

r  “ uCm^-wZ-iwr) (3 *3)

The t o t a l  p o l a r i z a t i o n  ?  c o n ta in s  a c o n t r i b u t i o n  due to  th e  o s c i l l a t o r s  

as  w e l l  as  a c o n t r i b u t i o n  from th e  background d i e l e c t r i c  p o l a r i z a t i o n :

+  a .»,

where Vc i s  a  u n i t  c e l l  volume occup ied  by a s i n g l e  o s c i l l a t o r  and ejj 

i s  th e  "background" d i e l e c t r i c  c o n s ta n t  which in c lu d e s  c o n t r i b u t i o n s  to  

e from a l l  o th e r  e l e c t r o n i c  s t a t e s  o f  th e  medium.

S u b s t i t u t i n g  Eq. (3 .4 )  i n t o  Eq. (3 .5 )  g iv e s :

p „ ■■■ + - f e - i  E (3 .5 )pVg ((i)oz-uf2— iwr) 4ir

b. Complex D i e l e c t r i c  F u n c tio n  and th e  P o l a r i t o n  D is p e r s io n  Curves
-► -*■

S ince  th e  medium i s  i s o t r o p i c ,  r ,  E and P a l l  p o in t  i n  th e  same 

d i r e c t i o n .  I f  they  a l s o  have time and space  dependence of th e  form: 

exp I(icc *r -  wt) 

th en  we o b ta in  th e  r e s u l t

, . 4itP .  . 4 ir(e*)2
= T" + gTcCuo -̂lar) (3'6>

where e c i s  th e  complex d i e l e c t r i c  f u n c t io n .

From M axw ell 's  e q u a t io n s ,  the  r e l a t i o n s h i p  between th e  d i e l e c t r i c  

f u n c t io n  e c and th e  wave v e c to r  kc f o r  t r a n s v e r s e  plane-wave f i e l d s
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(k|E) is:

c c -  & ) 2 (3 .7 )

Combining Eqs. (3 .6 )  and (3 .7 )  y i e l d  th e  p o l a r i t o n  d i s p e r s i o n  r e l a t i o n :

fcikc'j2 = £i.., + Air(e*)2 (3 .3 )
 ̂a) '  pVc(m0z-u>2-iiD I*)

T his  r e l a t i o n  r e s u l t s  i n  th e  p o l a r i t o n  d i s p e r s io n  cu rves  shown in  F ig .

3*2 which a r e  summarized as fo l lo w s  (T * 0 ) ;

( i )  0 £ ui £ w0 , k i s  r e a l  f o r  th e  low er t r a n s v e r s e  p o l a r i t o n

b ra n c h .  For u « w 0 , a, = , where a o E T u V ^ T'e b+4irct0

( i i )  a) ■> oj0 » k -*■ + «  T ra n sv e rse  e x c i to n  f re q u e n c y ,  ai0 =

( i i i )  a>0 (=tuT) £ u) £ u)L, k i s  p u re  im ag in a ry .  No p ro p a g a t in g  mode.

( iv )  a) = mL = fyV c f f e b -  + 1 J«o when K -  0

-  l o n g i t u d i n a l  f req u en cy  

(v) (i) > to k i s  r e a l  f o r  th e  upper  t r a n s v e r s e  p o l a r i t o n  b ranch .Li
ck

f o r  ^ 3 /^ ~

2. A c o u s t ic  Modes

a .  A co u s t ic  Wave E quations

For th e  model c o n s id e re d  h e re  ( i s o t r o p i c  medium w ith  acou­

s t i c  mode p ro p a g a t in g  i n  th e  x - d i r e c t i o n )  Eq. (2 .4  ) s i m p l i f i e s  to  

th e  fo l lo w in g  t h r e e  e q u a t io n s  f o r  , U2 , U3 , (u^j, Uy, uz )

pw2u |  a Cl i u l cll 2 ( l o n g i t u d i n a l )  (3 .9 )

o!u2u» Ci i-C i ? 2 ( t r a n s v e r s e )  (3 .10 )
z. u 29l

PW2u ,  c c ( t r a n s v e r s e )  (3 ,11 )
4 - 1 - 1 2  u 3q , 2
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V

FIG. 3-2 Schem atic  d iagram  o f  pho ton  and l o c a l  p o la r  

e l e c t r o n i c  s t a t e .  D o t-dash  l i n e  and broken  

l i n e  a t  oĵ , r e p r e s e n t  th e  uncoup led ,  p ro p a g a t in g  

photon  and l o c a l i z e d  e l e c t r o n i c  s t a t e .  S o l id  

l i n e s  show th e  t r a n s v e r s e  p o l a r i t o n  mode. The 

p a ram e te r  v a lu e s  used a re  g iv e n  i n  Tab le  4-1

—11 Aw ith  T = 1.0cm and th e  m v a lu e  s e t  equa l  

to  i n f i n i t y .
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w ith  c o r re sp o n d in g  v e l o c i t y  e ig e n v a lu e s :

P
(3.12)

(3 ,13 )
✓ 2p

(63)
b. A c o u s t ic  S t r a i n  L in e a r  Response F u n c t io n

As n o te d  i n  th e  i n t r o d u c t i o n  ( s e c t i o n  A), we need on ly  

concern  o u r s e lv e s  w i th  th e  l o n g i t u d i n a l  a c o u s t i c  mode. The r e ­

sponse f u n c t io n  i s  de te rm ined  by th e  re s p o n s e  o f  th e  d isp la c e m e n t  

g r a d i e n t  ( s t r a i n )  to  an e x t e r n a l l y  a p p l ie d  s t r e s s .

The g e n e r a l i z e d  f o r c e  i s  d e f in e d  to  be 

F - V S  0XtXX XX

where V i s  th e  c r y s t a l  volume.

The e q u a t io n  o f  m otion f o r  th e  l o n g i t u d i n a l  a c o u s t i c  d isp la c e m e n t  

in c lu d in g  th e  a p p l ie d  s t r e s s  i s :

we a g a in  assume p la n e  wave s o l u t i o n s  f o r  Uj,. o f  th e  form exp ( iq x - i tu t )

S e x p ( iq x  -  im t)XX

(3 .14 )
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-p a .2 ^  -  - q 2Cn ux + iq  S ^ Xt (3 .15)

s o lv in g  f o r  u^:

•in <i ex t
%  -  -  2 o - i o

( c n q p J

The s t r a i n  a s s o c i a t e d  w i th  i s

u xx -  ^  * iq  ux (3 .17)

assuming p la n e  wave s o l u t i o n s  a g a in .

The l i n e a r  re sp o n se  fu n c t io n  i s

X(q , . )  -  (3 .18)
xx V Sx£ V SXx

S u b s t i t u t i o n  o f  th e  e x p re s s io n  ( 3 i l 6 )  f o r  ux r e s u l t s  in :

X(q,«) -  = ■ ~ q 2 ------ 7  “---—-----— r r  <3*19)
V(Cn q2-  p0>-} PV(cs q -  u 2 )

where c g i s  th e  l o n g i t u d i n a l  sound v e l o c i t y

Cs ‘ / P -

Combining Eqs. (3 .1 )  and (3 .1 9 )  g iv e  the  fo l lo w in g  r e s u l t s  f o r  the 

power spec trum  o f  th e  the rm al f l u c t u a t i o n s  of th e  l o n g i t u d i n a l  s t r a i n  uXx:

v q< ux x ( ci>a)) “xx (q»“ ) > “  — --------- {6(m-cs q) -  6 (io+cs q) } (3. 20)
w 2djc PVs

(D e l ta  fu n c t io n s  r e s u l t  from th e  assum ption  of ze ro  dam ping.)

3. Coupling o f  th e  P o l a r i t o n  w ith  th e  S t r a i n ^  ^

We now in t r o d u c e  a  n o n l in e a r  co u p l in g  between th e  p o l a r i t o n  and the  

e l a s t i c  s t r a i n .  T h is  can be accom plished  by in c lu d in g  an anharmonic term 

-2quxxr  on th e  r i g h t  hand s id e  i n  th e  e l e c t r o n i c - p o l a r i t o n  e q u a t io n  of 

m otion ( 3 .2 ) .  (Th is  i s  th e  only  te rm  n e c e ss a ry  when c o n s id e r in g
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d e fo rm a tio n  p o t e n t i a l  i n t e r a c t i o n s . )

p ( r  + Tr + 0io2r )  ■ -2  nu r  + e*E_ (3 .21 )

A l a s e r  f i e l d  i n  th e  medium a t  f requency  u>j and w avevecto r  k j  w i l l  

coup le  w i th  th e  e l e c t r o n i c  m o tion ,  r e s u l t i n g  i n  a p o l a r i t o n ,  w h ile  bo th  

th e  p o l a r i t o n  and th e  s t r a i n  w i l l  undergo th e rm a l v i b r a t i o n s  a t  g e n e ra l  

f r e q u e n c ie s  w w ith  w avevec to rs  q. We now c o n s id e r  s i n g l e  F o u r ie r  com­

ponen ts  o f  th e  l a s e r  and s t r a i n  f i e l d s  a t  and w J : e s p e c j iv e ly , and 

components o f  th e  p o l a r i t o n  f i e l d  a t  b o th  tu. and Wj.

L ase r  F ie ld  

E t—  exp i ( k Tx -  wTt ) +  c . c» (3 .22)
2

S t r a i n  F ie ld

exp i ( q x  -  tot) +  c-b* (3 ,23 )
2

P o l a r i t o n  F ie ld

— -  axp i ( q x  -  u t )  + r ( k i ,  iui) exp i  (k j-x-w jt) + c*c« (3 .24 )
2

where r ( k j ,  o.^) s o lv e s  Eq. (3 .21 )  w i th  n * 0

e*ET 1
r ( k T, ujt ) = ----- 1  - — a" , 2 -i— FT (3 .25 )1 f p (cDa^-ajj^-icDjD

I n s e r t i n g  Eqs. (3 .22  -  3.2.4) i n t o  (3 .2 1 )  and c o n s id e r in g  on ly  th e  mixing 

p ro c e s s  f o r  the  down s h i f t e d  (S tokes)  c o n t r i b u t i o n  g iv e s  th e  r e s u l t

u(u)02-ais 2- ia )gr )  — kg~ 5 ̂  exp i ( k sx-ws t )

= ^  uxx^q>U)  ̂ r ( k I ,tuI ) exp i [ ( k I -q )  -  <tn x-ai) t  ] 

where uj = ujj -  uj (S tokes)  (3 .26 )
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So lv ing  f o r  r ( k g , tog) a l low s  th e  S tokes  n o n l i n e a r  p o l a r i z a t i o n  to  

be o b ta in e d :

- n ( e * ) 2 u* (q,(u)BT
Pg (K w ) *    25 -1----------exp i [ k , - k s -q ]  x (3 .27)

Vc u2 ((Uo2-ais2-ia)gr )  (a)02-u)I 2- ia j i r )

where th e  e x p re s s io n  (3 .2 5 )  f o r  r f k j ,  has been u sed .

4. I n t e r n a l  S c a t t e r in g  Cross S e c t io n

The b a c k s c a t t e r e d  e l e c t r i c  f i e l d  g e n e ra te d  by th e  S tokes n o n l in e a r  

p o l a r i z a t i o n  has been shown to  be o f  th e  f o r m ^ ^

Eg « e s Jdq / d r  exp i [ k r -k s - q ] * r  tVcpJIL (q)] (3 .2 8 )

Here, P jji(q) I s  g iven  by Eq. (3 .28 )  w i th o u t  th e  e x p o n e n t ia l .

The i n t e r n a l  s p e c t r a l  d i f f e r e n t i a l  s c a t t e r i n g  c ro s s  s e c t i o n  can be 

c a l c u l a t e d  from Eg. This  has  been d e r iv e d  by s e v e r a l  a u th o r s :  ^ 3

f . ,d2q ) *  f2 s .  f .  (3  , g )
d!2d(i)s  ̂ i n t  c n^  ̂ (2ir)^ J ^ | k ^ k 3-q j  2 jE j]  2

Here, A i s  th e  c ro s s  s e c t i o n a l  a r e a  of th e  i n c i d e n t  l a s e r  beam I n s id e

th e  medium and V i s  th e  t o t a l  volume of th e  medium (V w i l l  be ta k en  to

be i n f i n i t e .  However, t h i s  volume w i l l  be c a n c e le d  by a n o th e r  V in  the

a c o u s t i c  re sp o n se  f u n c t i o n ) .  We now w r i t e  P^l OO as  f o l lo w s :

Pn l<<0 " )  u^ e(^ u)E I  (3 .30)
v c

(2)
where we d e f in e  X (io .̂, oj) u s in g  Eq, (3 .2 7 )

X(2L t ,m) a 2 /" 2_ _2_4 P^ " (3<31)* u (fv02-(j^ -iw grrW(j w ^ - iw jr )

S u b s t i t u t i n g  Eqs. (3 .2 0 )  and (3 .30 )  i n t o  Eq. (3 .2 9 )  and doing the  

q - i n t e g r a t i o n  y i e l d s :
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(3 .32)

where xC^j.oi) i s  g iv e n  by Eq. (3 .3 1 )  and

L(w) -
1

(S tokes)
( k  ' + k g ' - - ^ )  2  +  ( k  ^ + k g ' ' ) 2

c s x

( k i / + k g ‘/+ - “ ^ ) 2 +  f c i ^ + k g " ) 2

(A n ti-S to k e s )  (3 .33)(A n ti-S to k e s ) (3 .33)

f tr
H ere, k' (k ) i s  th e  r e a l  ( im ag inary )  p a r t  of th e  p o l a r i t o n  w avevector

and u) = a)j-ojs .

The i n t e r n a l  d i f f e r e n t i a l  s c a t t e r i n g  c ro s s  s e c t i o n  i s  s im ply  o b ta in e d  

by i n t e g r a t i n g  Eq. (3 .3 2 )  over ti)s  ( t h a t  i s ,  by i n t e g r a t i n g  Eq. (3 .33 )  

o ver  ms ) , S ince

we o b ta in  f o r  the  d i f f e r e n t i a l  s c a t t e r i n g  c ro s s  s e c t i o n  ( i n s id e  th e  

medium):

C. TRANSMISSION OF THE ELECTROMAGNETIC WAVE BETWEEN VACUUM AND THE 

ABSORBING MEDIUM

1. T ra n s m is s iv i ty  and R e f l e c t i v i t y  E xpress ions
(67)

a .  Vacuum to Medium.

For th e  geom etry o f  F ig .3 - 1 , M axwell1s e q u a t io n s  r e s u l t  in  the  

fo l lo w in g  boundary c o n d i t io n s :

E -  T a n g e n t ia l

(3 .34)

(3 .3 5 )

E j + Er =■ Et (3 .36)
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H -  t a n g e n t i a l

EI  -  Er  -  nClEt  (3 .37 )

where nCT * n„ + i<CI  X I

The r e f l e c t i o n  and t r a n s m is s io n  c o e f f i c i e n t s  r e s u l t i n g  from Eqs.

(3 .3 6 )  and (3 .3 7 )  a re

E l - n „ _  E
r r CI  t  2

I  Ex l+ n Cl * Cl = E]. l+ n C]. (3 .38>

In  o rd e r  to  de te rm ine  th e  t r a n s m i s s i v i t y  and r e f l e c t i v i t y  e x p r e s s io n s ,  

we must f i r s t  e v a lu a te  th e  tim e averaged  P o y n tin g  v e c t o r s  f o r  th e  i n ­

c i d e n t ,  r e f l e c t e d  and t r a n s m i t t e d  waves. These r e s u l t  from u s in g  th e  

g e n e r a l  e x p r e s s i o n / * ^

■ ~§a ><V *. > <3-39>
Thus, w i th  th e  use  o f  Eqs. (3 .36 )  and (3 .37 )  and F ig .  3 -1 ,

h  m ' t  |E l [2  C3*40)

Sr -  l E r l 2 0 . 4 1 )

St -  ^  n i  lEt ! 2 (3-42)

The r e f l e c t i v i t y  and t r a n s m i s s i v i t y  a r e  now d e f in e d  as

fLj. = | r  5 Tx -  | £  (3 .4 3 )

and w i th  th e  use  of Eqs. ( 3 . 3 8 ) - ( 3 . 4 2 ) ,  th e se  become:

. ,2 ( n ! - l ) 2+ < i2
RI  “ ‘r l ‘ = ( n j + l ) 2^  Kj* (3 .4 4 )

TI  "  2 ‘   =■ (3 .45)
(nj+1) +K];2
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I t  i s  c l e a r  i n  t h i s  case  t h a t  Tj-t* Rj= 1

b . Medium to Vacuum

M axw ell 's  e q u a t io n s  now become ( s e e  low er h a l f  o f  F i g . 3 -1 ) ,  

E -  t r a n g e n t i a l

Es t  = Es +  Es r  <3.46)

H -  t a n g e n t i a l

E3 t  "  % CES ”  V  (3 ‘47)

where now nCs = ng + i x g

The r e f l e c t i o n  and t r a n s m is s io n  c o e f f i c i e n t s  now become 

nc s ” l  2nc s
r s * : '■  * nJT+T ( 3 -48)US CS

a long  w i th  th e  tim e av e rag e  Poyn ting  v e c to r s

S3 “ #F  1 Eg!2 (3 .4 9 )

Ss r  3 87 ns lKs J  (3 .5 0 )

S3 t IEs c | 1 (3 .5 1 )

The r e f l e c t i v i t y  and t r a n s m i s s i v i t i e s  f o r  t h i s  c a se  a re

Rg = I r s 12 ■ S'̂  (3 .5 2 )
(ns + l ) 2-Ks 2

T = l c s l 2 -  4 (n 32+<s 2 ) / n 3 (3 -53)
3 ns (ns+ l ) 2+Ks 2

In t h i s  c a s e ,

2
T + r = 1 + l K-s_ /g a

3 3 (ng+ l ) 2+K32
(3 .5 4 )

The e x t r a  term  ap p ea r in g  on th e  r i g h t  s id e  o f  Eq, (3 .5 4 )  can be un d er­

s to o d  i f  one c a l c u l a t e s  th e  t o t a l  time averaged  Poyn ting  v e c to r  on
/eg)

bo th  s id e s  o f  the  boundary.
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S3 (x=0+) * Ra[(Es + E ^ )  ( n ^ E * ,  -  v *c Z*s J ]  0 - 5 5 )

S9 < * -< n  -  * . U <t. l 2 > | -  ns Ts |Es | 2 (3 .56)

The S3 (x * 0“ ) e x p re s s io n  i s  j u s t  e q u a l  to  th e  Sg^ e x p re s s io n  g iven

i n  Eq. ( 3 .5 1 ) .  I f  Eq. (3 .55 )  i s  expanded o u t ,  then  a f t e r  some a lg e b r a ,

Eq. (3 .55 )  becomes

<x=o+> = h  n s i Es r2 1-RS (3 .57)
( n g  +  l ) z  +  K g

One can see  t h a t  w ith  the  use o f  Eq. ( 3 .5 4 ) ,  Sg (x -  0+ ) and Sg (x = 0“ )

a r e  e q u a l .  Thus, th e  a d d i t i o n a l  term in  Eq. (3 .54) r e s u l t s  from the

i n t e r f e r e n c e  betw een Eg and Egr  i n  th e  ab so rb in g  medium. Such a term

i s  n o t  p r e s e n t  i n  a n o n -ab so rb in g  medium.

In  th e  l i m i t  where k i s  sm a ll  one can approx im ate  Ts as  fo l lo w s :s
T 3 1-R = 4ns
*8 s ------------- :--------- r  (3.58)

(ns + I ) 2 + K g

s in c e  th e  a d d i t i o n a l  te rm  i n  Eq. (3 .5 4 )  goes as  ks 2 . T h is  approx im ate

form f o r  Ta w i l l  be used f o r  th e  rem ainder  of t h i s  c h a p te r .

D. EXTERNAL SCATTERING CROSS SECTION

The e x t e r n a l  s c a t t e r i n g  c ro s s  s e c t i o n  f o r  the  s c a t t e r i n g  of 

p o l a r i t o n  modes by th e rm a l ly  e x c i te d  a c o u s t i c  mode f l u c t u a t i o n s  can 

now be o b ta in e d  by s u b s t i t u t i n g  Eqs. ( 3 .3 5 ) , ( 3 .4 5 )  and (3 .5 8 )  i n t o  

Eq. ( 1 .1 4 ) ,  The r e s u l t i n g  e x t e r n a l  s c a t t e r i n g  c ro s s  s e c t i o n  i s :

(da l _ T(u)i) T((i)8 )aiI w | jx ^ 2^(ux,w) | 2 AIcBT (3 .59 )

e,C,: 8ir2c*Bfn fit" + k”l -2I  S  I  S
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CHAPTER IV
RESONANT SCATTERING OF EXCITON-POLARITONS VIA PHONONS

IN SPATIALLY DISPERSIVE MEDIA-QUANTUM MECHANICAL APPROACH

A. INTRODUCTION

In  t h i s  c h a p te r  th e  r e s o n a n t  s c a t t e r i n g  o f  e x c i t o n - p o l a r i t o n s  v ia  

a c o u s t i c  phonons i s  d is c u s s e d  from a  quantum m echan ica l p o in t  o f  view.

A b a c k s c a t t e r i n g  geometry w i l l  a g a in  be c o n s id e re d  (F ig .  4 - 1 ) .  The 

medium i s  now c o n s id e re d  to be s p a t i a l l y  d i s p e r s iv e  as  w e l l  as  homo­

geneous, ab so rb in g  and s e r a i - i n f i n i t e  in  e x t e n t .  For t h i s  c a s e ,  i f  the  

i n c id e n t  l a s e r  frequency  i s  above th e  l o n g i t u d i n a l  frequency  o f  the  

e x c i to n  s t a t e ,  two t r a n s v e r s e  p o l a r i t o n  modes can p ro p a g a te  i n  th e  

medium. An a d d i t i o n a l  boundary c o n d i t io n  (ABC) must t h e r e f o r e  be i n c lu ­

ded a long  w i th  M axw ell 's  boundary c o n d i t io n s  to  d e s c r ib e  t h i s  phenomenon.

In  Sec. B .,  we b r i e f l y  summarize th e  e x c i to n  H am ilto n ian ,  wave- 

f u n c t io n  and energy  e ig e n v a lu e s .  In  th e  fo l lo w in g  s e c t i o n  th e  e x c i to n  

i s  a l low ed  to  coup le  to  a  photon f i e l d  r e s u l t i n g  i n  th e  e x c i t o n - p o l a r i t o n  

d i s p e r s io n  e q u a t io n .  P o l a r i t o n - l a t t i c e  i n t e r a c t i o n s  a r e  th e n  d is c u s s e d .

In  Sec. D . , a g e n e ra l  form f o r  the  th r e e  ABCs most f r e q u e n t ly  c i t e d  

in  th e  l i t e r a t u r e  i s  g iven  and a t h e o r e t i c a l  e x p re s s io n  f o r  th e  e x t e r n a l  

d i f f e r e n t i a l  s c a t t e r i n g  c ro s s  s e c t i o n  i s  d e r iv e d  f o r  th e  RBS p ro c e s s .

T h is  e x p re s s io n  i s  dependent on th e  ABC as w e l l  as  the  in c id e n t  l a s e r  

frequency  and can be used f o r  d i r e c t  com parisons w ith  e x p e r im e n ta l  RBS 

measurem ents. Such com parisons a re  made in  Chap. VI.

B. EXCITON THEORY(69)

1. The H am iltonian

An e x c i to n  c o n s i s t s  o f  an e l e c t r o n  and h o le  which a r e  bound to g e th e r  

by an e f f e c t i v e  coulomb i n t e r a c t i o n .  In  th e  e f f e c t i v e  mass ap p ro x im a tio n ,

50



th e  energy  l e v e l s  o f  th e  e x c i to n  s t a t e s  a r e  s o l u t i o n s  o f  th e  Hamiltonian*.

e2
H« -  W  * W  -  T i T ^ j  u . i >

e h

where e i s  th e  d i e l e c t r i c  c o n s ta n t  and He (H^) i s  the  e l e c t r o n  (h o le )  

k i n e t i c  energy  term .

I f  b o th  th e  co nduc t ion  and v a le n c e  bands a r e  s p h e r i c a l  w ith  band 

extrem a a t  ^  = 0, Eq. (4 .1 )  becomes:

H = -  —  V 2 v 2 _ + E_ ± £ 
ex 2U Vr  2m* R e r  (4 .2 )

where th e  c e n t e r  of mass and i n t e r n a l  motion o f  th e  e x c i to n  have been 

s e p a ra te d  by th e  t r a n s fo rm a t io n  

m*r +m*r,*r +m*r,e e n h (/. t "i 1*-----  J r  = r  -  r, ia . j ;m* e h
m * m *wherem* = m* + m* i s  the  t r a n s l a t i o n a l  mass, y 3 —  i s  the  r e -

e *» m*

duced mass and E i s  th e  band gap energy .O

2. E x c i to n  W avefunction and Energy L e v e ls .

The s o l u t i o n s  o f  Eq. (4 .2 )  a r e

*ex'(?e»*h) “ 6XP (1^  * n i( ' ) Uc o (V  uv o (V  (4*4)

The p la n e  wave r e f l e c t s  th e  f r e e - p a r t i c l e  m otion o f  th e  c e n te r  of 

mass; uCo( r e ) Euv0 ^ h ^  *s c^e fu n c t io n  f o r  the  e l e c t r o n  (h o le )

hav ing  th e  p e r i o d i c i t y  o f  th e  l a t t i c e ,  and $n£ ( r )  i s  th e  h yd rogen ic  en­

velop  f u n c t io n  d e s c r ib in g  th e  s p a t i a l  e x t e n t  o f  th e  r e l a t i v e  e l e c t r o n -  

h o le  m o tion .

The e x c i to n  energy  e ig e n v a lu e s  a re  o f  th e  form:

En S )  ‘  E8 + S i s ' - ; 7  ! ” '  11 2 > 3..............  ( 4 ' 5)

w ith  th e  e x c i to n  Rydberg d e f in e d  as

2h2 e2
ue4

R* = (4 .6 )
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3. Application to the n * 1 A-Exciton in CdS

In  Chap, I I ,  i t  was no ted  t h a t  th e  a n i s o t r o p i c  p r o p e r ty  a s s o c ia t e d  

w ith  th e  energy  bands i n  CdS cou ld  be n e g le c te d  when c o n s id e r in g  th e  

S - s t a t e s  o f  th e  A, B, and C e x c i to n  s e r i e s .  However, a n i s o t ro p y  must 

be in c lu d e d  in  th e  e x p re s s io n  f o r  th e  c e n te r  o f  mass m otion . For 

exam ple, i n  o rd e r  to  p r o p e r ly  d e s c r ib e  th e  t o t a l  energy  o f  th e  n = 1 

A -e x c i to n  s t a t e ,  Eq. (4 -5)  must ta k e  th e  fo l lo w in g  form:

~ft2k 2 
E(ie) = Tku +  2O

n-1

s i n 2g co s2 '
   +  -a  , i m * . . ,A A

( 4 . 7 )

where u> = E -  R* i s  th e  t r a n s v e r s e  e x c i to n  frequency  ( i . e . ,  f r e -O
Tquency o f  th e  r  4 s t a t e  shown in  F ig .  2 - 3 ) ,  8 i s  th e  a n g le  between 

th e  e x c i to n  w avevec to r  ic and th e  c - a x i s  ( c | |  z) and m ^^  ( m ^  )̂ i s  the  

e f f e c t i v e  e x c i to n  mass p e r p e n d ic u la r  ( p a r a l l e l )  to  th e  c - a x i s .

For the  s c a t t e r i n g  geometry c o n s id e re d  k | | x  (0=90°), Eq. (4 .7 )  

becomes
n 2k z

E (it) = Two (it) = Boj + — r  ( 4 . 8 )
n» l  ex « 2m

where m w i l l  now be deno ted  as  m , , and m (k) i s  th e  k -dependen tAJ_ ex

e x c i to n  freq u en cy .  V alues o f  th e  p a ra m e te rs  d e s c r ib in g  the  n ■» 1 

A -e x c i to n  a r e  g iven  in  Table  4 -1 .
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TABLE 4-1 VALUES OF THE n = 1 A-EXCITON IN CdS FOR tc j_ c

D i e l e c t r i c  C ons tan t 

Eb

B inding Energy 

R*(eV)

E f f e c t iv e  M a s s ^ ^  

m*(me )

O s c i l l a t o r  S t r e n g t h ^ ^ ^  

4irao

T ra n s v e rse  Frequency ^   ̂

oi (cm"1)

9 .3

0 .03

0.89

0.0139

20589.5
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FIG. 4 -1  Schem atic  r e p r e s e n t a t i o n  o f  a backward RBS e x p e r i ­

ment in v o lv in g  a  s e m i - i n f i n i t e  s p a t i a l l y  d i s p e r s iv e  

medium. Wavy, s o l i d  and broken  l i n e s  den o te  p h o tons ,  

p o l a r i t o n s  and a c o u s t i c  phonons, r e s p e c t i v e l y .  The 

r e c t a n g le  numbered 2 r e p r e s e n t s  the  p o la r i to n -p h o n o n  

i n t e r a c t i o n .
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C. EXCITON-POLARITON THEORY

1. The H am ilton ian

When t r a n s i t i o n s  between th e  co n d u c tio n  and v a le n c e  bands a re  d ip o le  

a l lo w e d ,  th e  e x c i to n  formed between th e s e  bands can coup le  s t r o n g ly  w ith  

th e  r a d i a t i o n  f i e l d  v i a  I t s  p o l a r i z a t i o n .  The d i a g o n a l l z a t l o n  o f  the  

H am ilton ian :

H = H + H . + H  . (4 :9 )ex rad  e x - ra d

must now be made to  d e te rm in e  th e  c o r r e c t  normal modes o f  th e  c r y s t a l .

These coupled  e x c i to n -p h o to n  normal modes a r e  known as e x c i t o n - p o l a r i t o n s .

The d i f f e r e n t  c o n t r i b u t i o n s  to  th e  p o l a r i t o n  H am ilton ian  Eq. (4 .9 )  a r e

l i s t e d  below:

( i )  Hgx « jjjh tm^k) [b £bj*+£] ( e x c i to n )  (4.10a)
k

where th e  A -e x c i to n  energy  [see  Eq. ( 4 .5 ) ]

(11) H^ad = ^  “h c k t a'jt a k+fcl (photon) (4.10b)

where k = |k l and c =

( H i )  (e x c i to n -p h o to n )  (4.10 c)

4ira at 2
0 4 . k . ( £ ) ]

s'
bV J

4ck
1(b k '  b- £ ) ( a £+ +  a -k>

k.

a - £  (a*  a - ^  }

Here a £ ,  a£  (b £ ,  b£) a r e  th e  c r e a t i o n  and a n n i h i l a t i o n

o p e r a to r s  f o r  th e  r a d i a t i o n  ( e x c i to n )  f i e l d .

2. E x c i to n - P o la r i to n  D is p e r s io n  E quation

S in ce  th e  e x c i to n -p h o to n  i n t e r a c t i o n  H am ilton ian  i s  b i l i n e a r  in  the  

c r e a t i o n  and a n n i h i l a t i o n  o p e r a to r s  o f  th e  photon  and e x c i to n  [ se e  Eq,
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(4.10c) ]> th e  t o t a l  p o l a r i t o n  H am ilton ian  Eq. (4 .9 )  can be d ia g o n a l iz e d

(7)fti » 1 ) .  This  p ro c e d u re  was f i r s t  r e p o r te d  by H o p f ie ld .  The

r e s u l t  of th e  d i a g o n a l i z a t i o n  p ro c e s s  i s  th e  e x c i t o n - p o l a r i t o n  d i s p e r s io n

ck
ui

e q u a t io n  ( t r a n s v e r s e  m odes):

-  1 + W * 2 / «b
« ex(fe )-  <*>2

where a Q i s  th e  o s c i l l a t o r  s t r e n g t h  o f  th e  e x c i to n ,  ui0 « ^ ^ ( O )  t 'le 

t r a n s v e r s e  e x c i to n  f req u e n c y ,  i s  th e  background d i e l e c t r i c  c o n s ta n t ,  

oj£x(k) i s  th e  k -d ep en d en t e x c i to n  f req u e n c y ,  and ui i s  the  p o l a r i t o n  

(normal mode) e ig e n f re q u e n c y .

A
S u b s t i t u t i n g  Eq. ( 4 .8 )  i n t o  Eq. (4 .11 )  and keep ing  term s up to  k 

y i e l d s :

ck
u>>

2 ^iTaaai02/eb
+ took2 -oo2 (4 .12)JQ«

I F
The d i s p e r s i o n  e q u a t io n  now has two in d ep en d en t norm al mode s o l u t i o n s ,  

n>1 (k) and oi2 (k) f o r  a g iv e n  w avevector  k . The d i s p e r s io n  cu rv es  r e s u l t ­

in g  from Eq. (4 .12 )  a re  shown in  F ig .  4-2  and a r e  summarized below:

( i )  For oi<<(u0 ; on ly  one t r a n s v e r s e  p o l a r i t o n  b ranch  (mode) e x i s t s :

ckco„(k) = ------------
eb+4ifa o2 777

( i i )  For (u0 -  l o n g i t u d i n a l  e x c i to n  f r e q u e n c y ) ; th e  m2 (k)

branch  d e v ia te s  from i t s  l i n e a r  s lo p e  in  ( i )  and s t a r t s  to  ta k e  on a 

more e x c i t o n - l i k e  b e h a v io r .
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( i i i )  ii)L<to; t h e r e  a r e  now two t r a n s v e r s e  p o l a r i t o n  b ranches  p ro p a g a t in g

i n  th e  medium [shown i n  F ig .  4-2 a s  ojjOc) and <u2 (£) ]

( iv )  (u^<<0); th e  " in n e r "  p o l a r i t o n  b ranch  oĵ  (£) behaves v e ry  much 
-► ck.

l i k e  a  p h o to n ,  tu (k) -  -rzz . , where th e  " o u te r "  p o l a r i t o n  b ranch  shows a
/ e b

^  k2
t y p i c a l  e x c i to n  b e h a v io r  ^  * 01,0 + 2k*

3. P o la r i to n -P h o n o n  I n t e r a c t i o n  

a .  G enera l E x p re ss io n

The p o la r i to n -p h o n o n  i n t e r a c t i o n  i s  known to  a r i s e  p red o m in an tly  

from th e  ex c i to n -p h o n o n  i n t e r a c t i o n  H am ilto n ian ,  th e  g e n e ra l  form being  

g iv e n  by:

H , -  i ( V ) “* I  T (q> b i  -►&*-(c->-c+ -*■) (4 .13)ex-ph  o n k+q k q -q  v '
q ,k

where T0 (q) d en o te s  th e  ex c i to n -p h o n o n  i n t e r a c t i o n  k e r n e l ,  c+ (c*+) i s

th e  phonon a n n i h i l a t i o n  ( c r e a t io n )  o p e r a to r ,  V i s  the  c r y s t a l  volume, 

and i  = /  -1

In  o r d e r  to  d e r iv e  th e  g e n e ra l  e x p re s s io n  f o r  the  p o la r i to n -p h o n o n  

i n t e r a c t i o n ,  th e  e x c i to n  o p e r a t o r s  b£ must be e x p re s sed  in  term s

o f  p o l a r i t o n  o p e r a t o r s .  S ince  i t  was no ted  t h a t  th e  e x c i t o n - p o l a r i t o n  

d i s p e r s io n  Eq. (4 .12 )  has  two indep en d en t s o l u t i o n s  <Di(it)(i = 1 ,2 )  f o r  

a  g iv e n  w avevector  k ,  t h e r e  must be two indep en d en t p o l a r i t o n  a n n i h i l a ­

t i o n  ( c r e a t io n )  o p e r a t o r s ,  and ^a (j£+q)i anc* a $ + q )2 ^  k o th  

which s a t i s f y  th e  u s u a l  boson commutation r e l a t i o n s .

A t r a n s f o r m a t io n  from e x c i to n  to  p o l a r i t o n  o p e r a to r s  has been 

perform ed by H o p f i e l d ^  a l lo w in g  th e  p o la r i to n -p h o n o n  i n t e r a c t i o n  to 

be w r i t t e n  a s :
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FIG. 4-2  Schem atic d iagram  o f  photon and e x c i to n  d i s p e r s i o n  

cu rv e s .  Broken l i n e s  r e p r e s e n t  th e  uncoupled  ex­

c i t o n  and photon  p ro p a g a t in g  i n  th e  medium. S o l id  

l i n e s  show th e  two e x c i t o n - p o l a r i t o n  modes (ujj (k) 

and ai2 Ot) ] .  . The p a ram e te r  v a lu e s  used a r e  g iven  

in  T ab le  4-1  w i th  T = 1.0cm- 1 .
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(4.14)

where

( k , i t + q )  -  i A ^ C i t )
a) (£) «. (It+q)'1 

ex ex_____

T h is  H am ilton ian  m e d ia te s  th e  s c a t t e r i n g  o f  an I n c id e n t  m ode-i 

p o l a r i t o n  to  a  s c a t t e r e d  mode-j p o l a r i t o n  v i a  th e  c r e a t i o n  o r  a n n i h i l a ­

t i o n  of one phonon. I t  i s  e q u i v a l e n t  to  th e  e x p re s s io n  g iven  by

The f a c t o r  A^(k) i s  known a s  the  e x c i to n  s t r e n g t h  f u n c t io n  and 

i s  g e n e r a l ly  w r i t t e n :

I t  p ro v id e s  a  d i r e c t  q u a n t i t a t i v e  measure o f  th e  e x c i to n  c o n te n t  in  

th e  p o l a r i z a t i o n  mode a i^ (k ) ,  ( i  = 1 ,  2 ) .  I t  can be d e s c r ib e d  as  the  

r a t i o  o f  th e  mean s q u a re  e x c i to n  p o l a r i z a t i o n  a s s o c i a t e d  w ith  a p o l a r i t o n  

o f  f req u en cy  w^(k) to  th e  mean sq u a re  e x c i to n  p o l a r i z a t i o n  a s s o c ia t e d

of  t h i s  r a t i o  can be o b ta in e d  i n  te rm s o f  th e  t o t a l  energy  d e n s i t y  of 

th e  p o l a r i t o n  (bo th  th e  m e ch an ic a l  and e l e c t r o m a g n e t i c - c o n t r i b u t i o n s , s e e  

Appendix A, Eq. (A.1 4 ) ) .  The denom inato r  i s  s i m i l a r l y  o b ta in e d  in  terms of 

th e  m ech an ica l  ( e x c i to n )  energy  d e n s i t y .

In th e  fo l lo w in g  two s u b s e c t i o n s ,  s p e c i f i c  e x p re s s io n s  f o r  the  

e x c i t o n - a c o u s t i c  phonon m a tr ix  e lem ent T0 (q) w i l l  be o b ta in e d  f o r  the  

d e fo rm a tio n  p o t e n t i a l  and p i e z o e l e c t r i c  i n t e r a c t i o n s .

B u r s te in  e t  a l .

(4 .15)

w ith  an e x c i to n  o f  f req u en cy  ^ (k) (see  Eq. 4-26 be low ). The num era to r
6X
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'  ^
b .  D eform ation  P o t e n t i a l  I n t e r a c t i o n '71-73)

The s t r a i n  a s s o c i a t e d  w i th  an a c o u s t i c  phonon p e r t u r b s  th e  p e r io d i c  

p o t e n t i a l  a c t i n g  on th e  e l e c t r o n s  i n  a  c r y s t a l ,  r e s u l t i n g  i n  a sm all  

s h i f t  i n  th e  e l e c t r o n i c  energy  bands .  The p r o p o r t i o n a l i t y  c o n s ta n t  be­

tween t h i s  energy  s h i f t  and th e  s t r a i n  i s  d e f in e d  a s  th e  d e fo rm a tio n  

p o t e n t i a l .

The d e fo rm a tio n  p o t e n t i a l  e x c i to n - a c o u s t i c  phonon H am ilton ian  i s  

e x p re ssed  a s : '

Hex -ph  ■ (Dl j  + DiJ>  “ t j  W - 16>

e h
where th e  second rank  t e n s o r  D ^(D ^j ')  i s  th e  d e fo rm a tio n  p o t e n t i a l  f o r  

th e  e l e c t r o n  (h o le )  and u.£  ̂ i s ’ th e  s t r a i n .

As n o ted  i n  C hap .II ,  Table 2-5 , f o r  a medium w i th  hexagona l symmetry 

( w u r tz i t e  CdS w ith  C symmetry), on ly  th e  l o n g i t u d i n a l  a c o u s t i c  phonon w i l l6V

be a l low ed  v i a  th e  d e fo rm a tio n  p o t e n t i a l  i n t e r a c t i o n  to  p a r t i c i p a t e  in

th e  b a c k s c a t t e r i n g  geometry { x |y y |x } .  Thus, Eq. (4*16) becomes:

Hdp =* (De + Dh) u (4 .1 7 )ex-ph  xx

where u « iq  fti/2pui ) ^ ,  q £ q
X X  X

In  t h i s  c a s e ,  th e  ex c i to n -p h o n o n  m a tr ix  e lem ent f o r  th e  defo rm a tio n  

p o t e n t i a l  i n t e r a c t i o n  becomes:

r / P (q) -  Ch/2pClA)>  /q* (De +  Dh) ( 4 .1 8 )

where p i s  th e  c r y s t a l  d e n s i t y  and i s  th e  l o n g i t u d i n a l  sound v e l o c i t y .
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(11 59 733c .  P i e z o e l e c t r i c  I n t e r a c t i o n  * ’

As d i s c u s s e d  in  C hap .II ,  i n  p i e z o e l e c t r i c  c r y s t a l s  the s t r a i n  f i e l d

a s s o c i a t e d  w ith  an a c o u s t i c  phonon can p roduce  an e l e c t r i c  f i e l d  v ia  the

p i e z o e l e c t r i c  e f f e c t .  The l o n g i t u d i n a l  component o f  t h i s  induced  

e l e c t r i c  f i e l d  can  i n t e r a c t  w i th  e x c i to n s  r e s u l t i n g  i n  th e  p i e z o e l e c t r i c

e x c i to n -p h o n o n  i n t e r a c t i o n .  T h is  i n t e r a c t i o n  i s  s i m i l a r  to  th e

F rS h l ic h  i n t e r a c t i o n  betw een e x c i to n s  and LO phonons.

Examining Che ca se  of th e  w u r t z i t e  s em ico n d u c to r  CdS, th e  p ie z o -

(73)e l e c t r i c  e x c i to n -p h o n o n  i n t e r a c t i o n  H am ilto n ian  i s :

DG. 4tTS
ex-ph  “  ~  ( e i5 s i n 9 < V in 9  + UXC0S8)

+ e 3Lux sin0cos&  -I- e 33u2co s2 9}

x [ e x p ( iq * r e ) -  e x p ( i q •r h) ] (4 .1 9 )

where 9 i s  th e  a n g le  betw een q and th e  z - a x i s  (which i s  a l s o  th e  c - a x i s )  

u2 and a r e  th e  components o f  th e  phonon d is p la c e m e n t  ( x - a x i s  l i e s  in  

q -z  p l a n e ) ,  and e 3 i> a 3 3 a re  c^e n o n -z e ro  p i e z o e l e c t r i c  components

( s e e  Chap. I I ,  Tab le  2 - 6 ) .

C o n s id e r in g  a g a in  che case  where q | j x  (9 =* 9 0 ° ) ,  one f in d s  c h a t  on iv  

che t r a n s v e r s e  phonon d is p la c e m e n t  u 2 can p a r t i c i p a t e  i n  the  s c a t t e r i n g :

ps  4t7S ^  — -p.
Hex-ph  "  ~  2 , 5u2 [ e x p ( i q - r e ) - e x p ( i q * r h )] (4 .2 0 )

The m a t r ix  e lem en t f o r  t h i s  p i e z o e l e c t r i c  e x c i to n -p h o n o n  i n t e r a c t i o n

1 3  I

r Pe (q) = e a  ** (Qe-Qh) (4 .2 1 )
/ q
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The f a c t o r  [Qg -  Q^l in v o lv e s  th e  F o u r ie r  component of th e  e x c i to n  

envelop  wavefunctLon^ ta k en  in  th e  d i r e c t i o n  o f  p ro p a g a t io n  o f  th e  p ie z o ­

e l e c t r i c  a c t i v e  phonon. C o n s id e r in g  m a tr ix  e lem en ts  where th e  i n i t i a l

and f i n a l  s t a t e s  a re  IS e x c i to n  s t a t e s  ( e . g . ,  IS A -e x c i to n  i n  CdS):

[Qe-Qh J
* ★ 

m -ui 
£ h_

mjij+m

where ig  th e  e x c i to n  Bohr r a d i u s .

S u b s t i t u t i n g  Eq. (4 .22 )  i n t o  Eq. (4 .21 )  y i e ld s

r p e (q>
2ire

■15 2p c,TA

m*-
4
miTme

(4 .22)

(4 .23)

D. RESONANT BRILLOUIN SCATTERING

1. G enera l C o n s id e ra t io n s

As i l l u s t r a t e d  in  F ig .4-3, th e  RBS p ro c e s s  i n  th e  medium 

c o n s i s t s  of t h r e e  s t e p s .  S tep 1 ( s te p  3) i s  concerned  w ith  the

a t t e n u a t i o n  of th e  i n c i d e n t  ( s c a t t e r e d )  p o l a r i t o n  w h ile  s t e p  2 i s  the  

p o la r i to n -p h o n o n  s c a t t e r i n g  p r o c e s s .  The damping p ro c e s s  in  s te p s  1 

and 3 i s  b e l i e v e d  to  be due to  th e  a d d i t i o n a l  s c a t t e r i n g  o f  the  

p o l a r i t o n s  v i a  phonons a n d /o r  i m p u r i t i e s ,  th e  e f f e c t  o f  which i s  in c o r ­

p o ra te d  i n t o  an e x c i to n  damping c o n s ta n t  T ( th e  a t t e n u a t i o n  o f  p o l a r i ­

to n s  i s  u s u a l l y  a t t r i b u t e d  to  the  damping o f  e x c i t o n s ) .

The damping c o n s ta n t  r  can be phenom eno log ica lly  in c lu d e d  in  the

d i s p e r s i o n  e q u a t io n  by making th e  fo l lo w in g  rep la cem e n t f o r  th e  sq u are
(74)

o f  the  e x c i to n  f requency .

m 2(k)  ^ex .<o2 (k,<0 “ * 0 0  - i « r (4 .24)

Combining t h i s  w i th  Eq. ( 4 . 8 )  and s u b s t i t u t i n g  in t o  Eq. (4 .1 1 )  y i e l d s :  
, 2

4ttci oj *
0 0 (4 .25 )

it
(0

‘ e , 4ira u 2 
b +

ui^+Bk2-a)2- iw r

where B = ^ 0 2 r  (w u ,  T, k a re  a l l  in  u n i t s  of cm- 1 ) .  T h is  i s  j u s t
1\
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Che p o l a r i t o n  d i s p e r s i o n  e q u a t io n  d e r iv e d  by E o p f ie ld  and 

Thomas.  ̂ ^

The e x c i to n  s t r e n g t h  f u n c t i o n  can a l s o  be m o d if ie d  to  in c lu d e  C
( 2 )

by e x te n d in g  th e  method r e p o r te d  by D. L. M i l l s  and E. 3 u r s t e i n

to  th e  case  of s p a t i a l  d i s p e r s i o n

r-2B4JniKi
(4 .2 6 )

Here a± = ~  ReO-^cu)] and < i  =* ^•Im[hi ( « ) ] .  As can be seen  in  F i g . 4 -3 ,

even below th e  e x c i to n  re so n an ce  (u<^ a) most o f  th e  ene rgy  o f  the  

p o l a r i t o n  r e s i d e s  i n  th e  e x c i to n .  Eq. (4 .2 6 )  reduces  to  Eq. (4 .1 5 )  

when _ F -** 0 .

We" node t h a t  b o th  th e  d i s p e r s i o n  e q u a t io n  (4 .2 5 )  and che e x c i to n  

s t r e n g t h  f u n c t io n  (4 .2 6 ) ( s e e  F ig s .4-2 and 4-3) a re  r e l a t i v e l y  i n s e n s i t i v e  to

as long as T < fc* Hera Tc i s  a c r i t i c a l  v a lu e  o f  th e  e x c i t o n  damping

(74)c o n s ta n t  g iv e n  oy:

and i s  e s s e n t i a l l y  che v a lu e  where the  Im[ki((d)I = Ra [ Cco) ] - For 

v a lu e s  of f > Fc , e x c i to n s  and pho tons behave as  i f  chare  were

The fo l lo w in g  t h r e e  s u b s e c t io n s  (2 -4 )  d e s c r ib e  th e  k in em ac ics  and 

th e  i n t e r n a l  s c a t t e r i n g  c ro s s  s e c t i o n  (v ia  p e r t u r b a t i o n  th e o ry )  of the  

RBS p ro c e s s .  In s e c t i o n  5, che t r a n s m i s s i v i t y  f a c t o r s  o f  th e  i n c i d e n t  

and s c a t t e r e d  pho tons  a t  the  vacuum-medium boundary  a r e  e v a lu a te d  in  

a d d i t i o n  to  che s o l i d  a n g le  c o r r e c t i o n  f a c t o r  f o r  the  s c a t t e r e d  p h o to n s .

2. K inem atics  and the  B r i l l o u i n  S h i f t

The s t r o n g  a b s o r p t io n  in  a medium n ea r  an e x c i to n  re so n an ce  reg io n  

n e c e s s i t a t e s  the  use o f  a b a c k s c a t t e r i n g  geom etry fo r  th e  RBS s t u d i e s .

c ■ 4 (to 3<d 2) -® O (4 .2 7 )
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The law s of c o n s e r v a t io n  o f  energy  and momentum become

ui -  d_ ■ r  <d (4 ,2 8 )s i

k s j  -  h i  ■ ;  =1 <4 -29>

Here ux> and u s , kSj  r e p r e s e n t  th e  f r e q u e n c i e s  and w a v e v e c to rs  of

th e  i n c i d e n t  mode—i  and s c a t t e r e d  m ode-j p o l a r i t o n s  r e s p e c t i v e l y .  The

+ ( - )  s i g n  c o r r e s p o n d s  to  a n t i - S t o k e s  (S to k e s )  s c a t t e r i n g .  For

B r i l l o u i n  s c a t t e r i n g

a) * Csq (4 .3 0 )

where cs i s  t h e  a c o u s t i c  sound v e l o c i t y .  The c o n s e r v a t io n  o f  momentum

[Eq. ( 4 .2 9 ) ]  does  n o t  h o ld  e x a c t l y  s i n c e  che w a v e v e c to rs  a r e  com nlex.

In  F ig .  (4-4)*, th e  e x c i t o n - p o l a r i t o n  d i s p e r s i o n  c u rv es  have  been  drawn

f o r  th e  b a c k s c a t t e r i n g  geometry c a s e  f i r s t  d i s c u s s e d  by 3Z3. The k in e m a t i c s

(Z qs . ( 4 .2 8 )  and ( 4 .2 9 ) ]  a r e  r e p r e s e n t e d  by th e  a rrow s which i l l u s t r a t e  b o th

Stokes- (downward s lo p e s )  and a n t i - S t o k e s  (upward s lo p e s )  s c a t t e r i n g s  f o r  

i n c i d e n t  f r e q u e n c y  id^. Note th e  p o s s i b i l i t y  o f  a  3 r i l l o u i n  o c t e t  f o r

<dr > lol (compared to  th e  no rm al B r i l l o u i n  d o u b le t  f o r  ux we~  below  u-^).

By com bining Eqs. ( 4 .2 8 )  -  ( 4 .3 0 ) ,  an e x p r e s s io n  f o r  th e  3 r i l l o u i n

s h i f t  i s  found  (T<rc)

iui ■ id —id_ * tC  {k_ , (id-) + k ' .  (id )} ( 4 ,3 l)s i  s I c  I  sq s

where k 1(k") i s  now d e f in e d  as che r e a l  ( im a g in a ry )  p a r t  o f  k .  T h is  ex­

p r e s s i o n  can be s o lv e d  n u m e r i c a l ly  by an i t e r a t i v e  p ro c e d u re  u s in g  th e

d i s p e r s i o n  e q u a t io n  [Eq*. ( 4 . 2 5 ) ] .  By f i t t i n g  t h i s  e x p r e s s io n  to  th e
£

3 r i l l o u i n  s h i f t  d a t a ,  a c c u r a t e  v a lu e s  f o r  th e  p a ra m e te r s  t-0 , n . ,  td0 , c 0 

can be d e te rm in e d ,  ( s s e  Chap. V i ) .

+ The p o l a r i t o n  i s  now re g a rd e d  as a f o r c e d  harm onic  o s c i l l a t o r  w i th  
a r e a l  f re q u e n c y  and a complex f r e q u e n c y  d ep en d en t wave v e c t o r  (k,.. (u^)) .



FIG. 4-3  E x c i to n  s t r e n g t h  f u n c t io n s  o f  bo th  mode-1 and

mode-2 p o l a r i t o n s  as  a f u n c t io n  o f  f re q u e n c y .  The 

number l a b e le d  on each curve  s p e c i f i e s  th e  p o l a r i t o n  

mode. The p a ram e te r  v a lu e s  used a r e  g iv e n  in  

Tab le  4 -1  w i th  T = 1.0cm™1 .
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FIG. 4-4 Schematic representation of the exciton-polariton

d i s p e r s io n  curve and th e  kinem atics in v o lv e d  i n  back­

ward B r i l l o u i n  s c a t t e r i n g .  Dots i n d i c a t e  th e  I n i t i a l  

p o l a r i t o n  s t a t e s .  The arrow s i l l u s t r a t e  S tokes  (down­

ward) and a n t i - S to k e s  (upward) s c a t t e r i n g s  w ith  

i n c id e n t  f req u en cy  oi^.
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3. T r a n s i t i o n  P r o b a b i l i t y  ( S c a t t e r i n g  Rate o f  P o l a r i t o n s )

An e x p re s s io n  f o r  th e  r a t e  a t  which p o l a r i t o n s  a r e  s c a t t e r e d  in t o  

a  s o l i d  an g le  dJI^^ w i th in  th e  medium has  been d e r iv e d  by B u r s te in  

e t  a l .  This  r e s u l t  (which was o r i g i n a l l y  d e r iv e d  f o r  th e  i n f i n i t e

mass e x c i to n  ca se )  i s  now g e n e ra l iz e d  to  th e  case  of s p a t i a l  d i s p e r s io n .

d Nt
dftdt VP X (*-32)

• _  - i n c  71 (np fi(“ s - ws)
where n ^  i s  th e  number of i n c i d e n t  p o l a r i t o n s  p e r  u n i t  volume; Ng i s  

th e  number of s c a t t e r e d  p o l a r i t o n s  from raode-i to  mode-j ; Up^ i s  the  

o c c u p a t io n  number f o r  th e  a c o u s t i c  phonons and (o)g) i s  th e  d e n s i t y  

o f  s t a t e s  o f  th e  mode-j p o l a r i t o n s .

T h is  e x p re s s io n  (Eq. 4 .32)] r e p r e s e n t s  th e  a p p l i c a t i o n  o f  F e rm i 's  

Golden Rule f o r  f i r s t  o rd e r  p e r t u r b a t i o n  th e o ry  to  Eq. ( 4 .1 4 ) .

The d e n s i t y  o f  s t a t e s  can be w r i t t e n  a s :  .

» t  \  V ( k g - j ) 2
j  “ a (2 J IvGj  (his ) I (4 .3 3 )

where v ^ { o jg ) i s  th e  group v e l o c i t y  o f  th e  mode-j p o l a r i t o n s .

For th e  b a c k s c a c te r in g  geometry c a s e ,  th e  s c a t t e r i n g  volume Vs 

may be w r i t t e n  a s :  ■

V -  -------------   (4 .3 4 )
8 2tk̂ V

where A i s  th e  c ro s s  s e c t i o n a l  a re a  I l lu m in a te d  by th e  l a s e r  and - k j  i s  

th e  a t t e n u a t i o n  c o e f f i c i e n t  o f  th e  p o l a r i t o n .  S u b s t i t u t i n g  Eqs. (4.3 3) 

and (4 .3 4 )  i n t o  (4 .32 )  and u s in g  th e  e x p l i c i t ,  form o f  th e  p o l a r i t o n -  

phonon i n t e r a c t i o n  g iven  by Eq. (4 .1 4 )  y i e l d s :
j  (J.'( -  .. i . o i _ . . 12,

d6N
dftdt

a  tt nI:L A (ksi )2 lT n (q)l | Aj-j (kQ ̂ k ^  ) |
i n t  | , c j W | ( k .i + k . . ,  ( 4 3 s )

x / (-np h +D  Stokes
V. Qph a n t i - S to k e s
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4 .  I n t e r n a l  S c a t t e r in g  Cross S e c t io n

The r a t e  o f  removal o f  energy  from th e  i n c i d e n t  m ode-i p o l a r i t o n  

beam (p e r  u n i t  s o l i d  a n g le  p e r  u n i t  tim e) v i a  th e  s c a t t e r i n g  p ro c e s s  

i s ;

The mean i n t e n s i t y  o f  the  i n c i d e n t  m ode-i p o l a r i t o n  beam in s id e  

th e  c r y s t a l  i s :

quency ajj.
,d2N x

S u b s t i t u t i n g  th e  e x p re s s io n  f o r [  S.] i n t o  Eq. (4 .36 )  and t b
i n t

ta k in g  th e  r a t i o  o f  Eq. (4 ,36 )  to  Eq. (4 .37 )  r e s u l t s  in  the  i n t e r n a l  

d i f f e r e n t i a l  s c a t t e r i n g  c ro s s  s e c t i o n :

f [ l  +np h (u)I -o)g ) ] S tokes  

L a n t i - S to k e s

where b o th  S tokes  and a n t i - S to k e s  s c a t t e r i n g s  have been in c lu d e d .

The a n a l y t i c  e x p re s s io n  f o r  th e  energy  v e l o c i t y  i s  g iven  in  Ap­

p end ix  A.

5 . E x te r n a l  S c a t t e r in g  Cross S e c t io n

a .  G enera l E x p re s s io n  f o r  th e  Three ABCs

As m entioned in  Chap. I ,  th e  s p a t i a l l y  d i s p e r s i v e  medium r e q u i r e s  

a lo n g  w ith  M axw ell 's  boundary c o n d i t i o n s ,  an a d d i t i o n a l  boundary 

c o n d i t io n  to  f u l l y  d e s c r ib e  th e  e le c tro d y n a m ic s  govern ing  th e  s im u l­

taneous  p ro p a g a t io n  o f  two e x c i t o n - p o l a r i t o n  modes.

(4 .36 )

where v„ ((u_) i s  th e  energy  v e l o c i t y  o f  th e  raode-i p o l a r i t o n  w ith  f r e 1

do|J""1 -  A (k g j )2 l l \ ( q ) | 2 |A11 (k s 1 » k t j )  I2

OTint ^ V IV ^ I (kIi+ksV (4 .3 8 )
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The th r e e  ABCs most e x t e n s iv e ly  d i s c u s s e d  in  th e  l i t e r a t u r e  a re  

l i s t e d  i n  Chap. I  [Eqs. (1 .1 1 )  to  ( 1 .1 3 ) ] .

These t h r e e  ABCs can now be  w r i t t e n  i n  a  v e ry  s im ple  g e n e r a l  form:

a i Ei + a 2E2 "  0 ( 4 - 39)

where a^ = n 'c^2 ”  eb ^o r  ^

a-* = n ( n ^ - e .  ) f o r  ABC 2
A ci  i  o

a± ~ ----------  f o r  ABC 3
" -^ e

i -  1 ,2

n - n e 
i
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b. T r a n s m is s iv i ty  and R e f l e c t i v i t y  E x p re ss io n s

The e x p re s s io n s  f o r  th e  t r a n s m i s s i v i t y  and r e f l e c t i v i t y  of photons 

( p o l a r i t o n s )  t r a v e l i n g  a c ro s s  th e  v a c u u m -sp a t ia l  d i s p e r s iv e  medium 

boundary  (see  F i g . 4 -1 )  r e q u i r e s  b o th  M axw ell 's  boundary c o n d i t io n s  and 

an ABC s in c e  two p o l a r i t o n  modes ( f o r  aj-j- > u^) can s im u l ta n e o u s ly  propa­

g a te  i n  the  medium.

C o n s id e r in g  th e  vacuum to  medium ca se  f i r s t  and d e a l in g  e x c lu s iv e ly  

w ith  normal in c id e n c e ,  M axw ell 's  boundary c o n d i t io n s  become

Et + Eb => Et + Et (4 .40 )
■̂ ■o “ ' 0 1 2

' V Ti + V Ta (4 ' 41)

where ET (E„ ) i s  th e  e l e c t r i c  f i e l d  a m p li tu d e  in  vacuum f o r  the  i n -  
io  o

c i d e n t  ( r e f l e c t e d )  photon and ( E ^ )  i s  th e  t r a n s m i t t e d  mode-1 (mode-2) 

p o l a r i t o n  i n s i d e  th e  medium.

Combining Eqs, ( 4 .3 9 ) ,  ( 4 .4 0 ) ,  and ( 4 .4 1 ) ,  y i e l d :

E t1 = a 2 ( l+ n c ) - a 1 ( l+ n c ) E lo (4-42)
1

Et 2 -     Ex (4 .43 )
a 2 (l+ nC l) - a i ( l + n C2) °

a 2 ( 1- nc 1) - a I ( l - n c 2 ) El  (4>44)
0 a 2 (l+ nC l) - a i ( l + n C2j 

As in  Chap. I l l ,  th e  t r a n s m i s s i v i t y  and r e f l e c t i v i t y  a re  d e f in e d

as  fo l lo w s :

where

Res T „ M r  /f
— = -  ; R = — = -  (4 .45 )
M l  M l

However, th e  c a l c u l a t i o n  o f  th e  t r a n s m i t t e d  Poynting  v e c to r  i s  no t



t r i v i a l  f o r  th e  case  o f  s p a t i a l  d i s p e r s io n  s in c e  bo th  th e  e le c t ro m a g n e t ic  

waves and th e  f i n i t e  mass e x c i to n s  ( p o l a r i z a t i o n  waves) can p ro p ag a te  

energy . T h is  e x p re s s io n  i s  d e r iv e d  in  Appendix A u s in g  a  g e n e ra l iz e d  

Poyn ting  theorem  [se e  Eq. (A .13)]

Re ST i °%  r
Sir r -2 B u n i x i

(4 .46)

Here n± = Re (nC i) and "S. " (nc i > *

Using Eqs. (4 .4 2 )  -  ( 4 .4 6 ) , '  th e  t r a n s m i s s i v i t i e s  ( f o r  b o th  p o l a r i t o n  

modes) and th e  r e f  l e c t i v i t y  I n  -fehe-vacuum to- medium case  a r e

2a2pi r
r-2Buin1K1

n2 r

r-2 B u m 2 K2

a2 ( l + n c  ̂^~a 1 ( l + n c 2^

2ai
a2 ( l+ n c  ) - a L( l+ n C2)

a 2 (1—n c j )  — ( l - n C2)

a2 ( l+ n c ) -  a 1 ( l+ n C2)

(4 .47 )

(4 .48 )

(4 .49 )

A s i m i l a r  method i s  used f o r  the  c a l c u l a t i o n  o f  the  t r a n s m i s s i v i t y  

and r e f l e c t i v i t i e s  i n  the  medium to  vacuum case  (keeping  in  mind t h a t  

f o r  uig > two r e f l e c t e d  p o l a r i t o n  modes w i l l  be produced a t  th e  s u r ­

f a c e ) .  The t r a n s m i s s i v i t y  e x p re s s io n  f o r  th e  m ode-i s c a t t e r e d  p o l a r i t o n  

i s
r-2Bmni ici

V

2 ( a 1- a 2)n c±

a 2 ( l+ n c ) - a j ( l + n C2) (4 .50)

and th e  r e f l e c t i v i t y  e x p re s s io n s  f o r  th e  two r e f l e c t e d  p o l a r i t o n  modes

a re :

(r-2Bain^K^) 
n^ (r-2Bojni K^)

a2~ai____ £ 2a2nc ^________

a i " a z ( l+ n C2)
(4.51)
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. n , ( r -2 B w n . k . )
Ri  K _2________ i  i

2 n i (r-2Bujn2K2 )
a l - a i

+ a 2 ( l+ n c ) -a ^  ( l+ n c ) (4 .52)

F ig .  4-5 shows th e  cu rves  r e s u l t i n g  from th e  two t r a n s m i s s i v i t y

e x p re s s io n s  [Eqs. (4 .47 )  and (4 .4 8 ) ]  f o r  v a r io u s  ABCs u s in g  CdS p a r a -  
(60)

m e te rs  i n  Table  4-1 .

F ig .  4 -6  shows th e  t r a n s m i s s i v i t y  p ro d u c t ,  T (ui_)' T' (ui_) as  a
2 I  2 s

f u n c t io n  o f  in c id e n t  f requency  uij- f o r  v a r io u s  ABCs and f o r  l o n g i t u d i n a l  

a c o u s t i c  phonon s c a t t e r i n g  in  CdS.

c. E x te rn a l  S c a t t e r in g  Cross S e c t io n  E x p ress io n

The e x t e r n a l  s c a t t e r i n g  c ro s s  s e c t i o n  r e s u l t i n g  from p o l a r i t o n s  

s c a t t e r i n g  from m ode-i to  mode-j i n  th e  medium i s  o b ta in e d  by s u b s t i t u ­

t i n g  Eq. (4 .3 8 )  i n t o  Eq. (1 .1 4 ) :

w i - 1  W W
H s x t  V u jlU jJ I  - C ' 53)

( [  1 + n-ph(u,l “ws ) ]  S tokes  

L n ph<“ s“ « l ) '  a n t i - S to k e s

-  I ] * 1where Hph(u)) = [expflliii—
W .

2■The (ui ) i n  th e  denom inator r e s u l t s  from th e  s o l i d  an g le  c o r r e c t  J s

t i o n  f a c t o r  [ s e e  Eq. ( 1 .1 5 ) ] .

Eq. (4 .5 3 )  above i s  dependen t on b o th  th e  i n c i d e n t  l a s e r  frequency  

<Dj and th e  ABCs and can be used f o r  bo th  d e fo rm a tio n  p o t e n t i a l  and p ie z o ­

e l e c t r i c  ex c i ton -phonon  i n t e r a c t i o n s  [Eqs. (4 .1 8 )  and ( 4 .2 3 ) ] .

In  Chap. VI, Eq. (4 .53 )  w i l l  be compared w ith  RBS i n t e n s i t y  m easure­

ments r e s u l t i n g  from d i f f e r e n t  p o la r i to n -p h o n o n  s c a t t e r i n g s  [ e . g . ,  

s c a t t e r i n g  o f  a l o n g i t u d i n a l  a c o u s t i c  phonon between th e  o u te r  ( 2 - 2 ' )  

p o l a r i t o n  b ra n c h e s ] .
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FIG. 4-5 N um erica lly  c a l c u l a t e d  vacuum to  medium t r a n s ­

m i s s i v i t i e s  o f  mode-1 and mode-2 p o l a r i t o n s  f o r  

v a r io u s  ABCs as  a f u n c t io n  o f  f req u e n c y .  The 

number l a b e le d  on each curve co rresp o n d s  to  the  

ABC s p e c i f i e d  in  Eq. 4 -39 . P a ram e te r  v a lu e s  

from Table 4-1  a r e  used w ith  T = 1.0cm- 1 ,
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FIG. 4-6 The t r a n s m i s s i v i t y  p ro d u c t  o f  th e  i n c id e n t  and

s c a t t e r e d  mode-2 p o l a r i t o n s ,  T, (<u_) T ' (oj ) ,  a s  a* 1 ^ s

f u n c t io n  o f  i n c i d e n t  f req u en cy  The number

la b e le d  on each curve  has  th e  same meaning as i n  

F ig .  4 -5 .  P aram ete r  v a lu e s  once a g a in  a re  from 

Table 4 -1  w ith  T * 1.0cm- 1 .
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CHAPTER V 

EXPERIMENT

A. INTRODUCTION

L a se r  B r i l l o u i n  sp e c tro sc o p y  in v o lv e s  th e  fo l lo w in g  e x p e r im e n ta l  

a rrangem en t.  A beam of  l a s e r  l i g h t  i s  focused  in t o  a sm a l l  volume o f  

th e  sam ple t o  be s tu d i e d .  L ig h t  s c a t t e r e d  from th e  sam ple , which con­

t a i n s  a number o f  f requency  components, i s  c o l l e c t e d  and frequency  

ana lyzed  by a  F a b ry -P e ro t  i n t e r f e r o m e t e r  a n d /o r  tandem g r a t in g  s p e c t ro m e te r .  

E l a s t i c  s c a t t e r i n g  u s u a l ly  p roduces  th e  most in t e n s e  component which i s  a t  

th e  f req u en cy  of the  l a s e r  l i g h t .  I n e l a s t i c  components appea r a t  f re q u e n ­

c i e s  s h i f t e d  w ith  r e s p e c t  to  the  l a s e r  f req u en cy  on bo th  th e  S tokes (low 

freq u en cy )  and a n t i - S to k e s  (h igh  freq u en cy )  s i d e s .  Of i n t e r e s t  i n  B r i l l ­

o u in  s c a t t e r i n g  ex p er im en ts  a r e  th e  frequency  s h i f t s ,  i n t e n s i t i e s  and 

l i n e w id th s  o f  th e  s h i f t e d  components w i th in  10-cm"1 o f  th e  l a s e r  f req u en cy .  

R e f le c ta n c e  measurements a r e  perform ed on samples in  the  frequency  

r e g io n  of e l e c t r o n i c  t r a n s i t i o n s .  L ig h t  from a w h ite  l i g h t  s o u rc e  i s  

focused  onto  the  sample in  a  n e a r  normal in c id e n c e  s c a t t e r i n g  geom etry . 

R e f l e c te d  l i g h t  i s  an a ly zed  by a d o u b le -g r a t in g  s p e c t ro m e te r .  Of i n t e r e s t  

in  the  r e f l e c t i o n  spec trum  a r e  th e  sh ap e ,  h e ig h t  and frequency  p o s i t i o n  

o f  th e  r e f l e c t i o n  maxima as w e l l  as  th e  frequency  d i s t a n c e  between th e se  

maxima amd t h e i r  c o r re sp o n d in g  minima.

B. RBS EXPERIMENTS

1. E xper im en ta l  Setup

The e x p e r im e n ta l  a rrangem ent used f o r  the  RBS s t u d i e s  i s  shown in  

F ig .  5 -1 .  A k ry p to n  ion  l a s e r  was used to pump a cw dye l a s e r  in  o rd e r  

to o b ta in  tu n a b le  s i n g l e  mode o u tp u t  r a d i a t i o n .  The dye
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l a s e r  o u tp u t  was m onito red  v i a  a  p a i r  o f  b e a m s p l i t t e r s  i n  o rd e r  to  

( i )  m a in ta in  a c o n s ta n t  dye o u tp u t  power th rough  the  use  o f  a dye l a s e r  

l i g h t  s t a b i l i z e r ;  and ( i i )  m on ito r  th e  mode spec trum  o f  the  o u tp u t  r a d i a ­

t i o n  u s in g  an o p t i c a l  spectrum  a n a ly z e r  and an o s c i l l o s c o p e .  The l i g h t  

was then  passed  th rough  a p o l a r i z a t i o n  r o t a t o r  to  o b ta in  th e  d e s i r e d

p o l a r i z a t i o n  b e fo re  b e in g  focused  onto  th e  sample.

The sam ples used  were vapor-grow n s i n g l e  c r y s t a l  CdS p l a t e l e t s

g e n e ro u s ly  p ro v id ed  by W r ig h t -P a t te r s o n  and G enera l Motors (GM). The

c r y s t a l s ,  w i th  th e  c r y s t a l l o g r a p h i c  c - a x i s  i n  th e  p la n e  o f  th e  sam ple,

had t y p i c a l  s u r f a c e  a r e a  d im ensions o f  3mm x 5mm w ith  th ic k n e s s e s  

- 2"10 cm. The sample was a t ta c h e d  to a copper mount i n  th e  helium  dewar 

v i a  a g re a s e  m ix tu re .

A backward l i g h t  s c a t t e r i n g  geometry was used w ith  in c id e n t  wave- 

v e c t o r  o f  th e  dye l a s e r  l i g h t  p e rp e n d ic u la r  to  th e  s u r f a c e  of th e  c ry s ­

t a l  p l a t e l e t  (lcj_c). L ig h t  s c a t t e r e d  by th e  sample was c o l l e c t e d  and 

focused  on to  a p in h o le  by a  Nikon camera l e n s .  A second Nikon le n s

then  c o l l im a te d  th e  l i g h t  e m it te d  from th e  p in h o le  which a c te d  as  a

p o in t  so u rc e .  The p a r a l l e l  l i g h t  so o b ta in e d  was r e f l e c t e d  from a s y s ­

tem o f  two m i r r o r s  which s e rv ed  th e  p u rp o se ,  a long  w ith  th e  Nikon c o l ­

l im a t in g  l e n s ,  o f  a l i g n in g  th e  c o l l e c t e d  l i g h t  w ith  th e  t r i p l e - p a s s  

F a b ry -P e ro t  i n t e r f e r o m e t e r .  The l i g h t  emerging from the  ramped Fabry- 

P e ro t  was th en  focused  onto  th e  v e r t i c a l  s p e c tro m e te r  s l i t s  w hich, 

a long  w ith  a b r a s s  h o r i z o n t a l  s l i t ,  formed a second p in h o le .  The speed 

of th e  le n s  used was chosen to  match t h a t  o f  th e  s p e c t ro m e te r .
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FIG. 5-1  Schem atic of RBS e x p e r im e n ta l  arrangem ent,

, L2 , L3 and a r e  sample fo c u s s in g ,  p in h o le  

fo c u s s in g  (N ikon), F a b ry -P e ro t  c o l l im a t in g  (Nikon) 

and s p e c t ro m e te r  fo c u s s in g  le n s e s  r e s p e c t i v e l y .

F o ca l  l e n g th s  o f  th e s e  l e n s e s  a r e  13 cm, 5 .5  cm,

5 .5  cm and 18 .7  cm, r e s p e c t i v e l y .  P in h o le s  and 

P2 have d ia m e te rs  o f  200 and 150 m ic rons ,  r e s p e c t i v e l y .
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L ig h t  l e a v in g  th e  s p e c tro m e te r  was focused  onto  th e  ca thode  o f  a

p h o to m u l t i p l i e r  tube  whose o u tp u t  was p ro c e sse d  w i th  photon  co u n t in g

e l e c t r o n i c s  and re c o rd e d  on a s t r i p c h a r t  re c o rd e r#  o r  o c c a s io n a l ly  m u l t i ­
s c a le d  i n t o  a PDP-8E m in icom puter.
2. A pparatus

A summary o f  th e  a p p a ra tu s  used i n  th e  RBS experim en ts  i s  g iv e n  in  

T ab le  5-1. B r ie f  d e s c r i p t i o n s  o f  th e  main components a re  g iv e n  below.

Krypton L a s e r . A S p e c t ra  P h y s ic s  model 171 k ry p to n  io n  l a s e r  was 

used as a  pump l a s e r .  The o u tp u t  power was between 2 .0  and 2 .5  w a t t s  fo r  

a l l  l i n e s  i n  th e  deep b lu e  (4067-4226A). The o u tp u t  mode was TEM . Thisd o

l a s e r  was o p e ra te d  on th e  l i g h t  c o n t r o l  mode whereby i t s  power supp ly

c u r r e n t  was c o n s ta n t ly  a d ju s t e d  by an e x t e r n a l  dye l a s e r  l i g h t

s t a b i l i z e r  (see  b e lo w ) .

(76)Dye L ase r .  The o u tp u t  o f  th e  k ry p to n  l a s e r  was used to  pump a

C oherent R a d ia t io n  model 590 dye l a s e r  i n  o rd e r  to  o b ta in  a so u rce  o f  

c o n t in u o u s ly  tu n a b le  c o h e re n t  s i n g l e  mode l i g h t .  The dye medium was a 

m ethyl a l c o h o l - e th y le n e  g ly c o l  s o l u t i o n  o f  th e  dye coumarin 480 which
0 9 O

ab so rb s  in  th e  band 4000A to  4200A and em its  a t  lo n g e r  w aveleng ths  4700A
a

to  5150A th rough  f lu o r e s c e n c e .  S e l e c t io n  of monochromatic r a d i a t i o n  

from th e  broad  dye f lu o r e s c e n c e  bandw idth  i s  ach iev ed  th rough  th e  use 

o f  a q u a r tz  b i r e f r i n g e n t  f i l t e r  c o n s i s t i n g  o f  th r e e  q u a r tz  p l a t e s  o f  d i f ­

f e r e n t  th i c k n e s s e s  p la c e d  in  th e  c a v i ty  a t  B r e w s te r 's  a n g le .  In  a d d i t i o n ,  

a doub le  e t a l o n  system  c o n s i s t i n g  o f  a  t h i c k  (10mm) co a te d  e t a l o n  and a 

t h i n  (0.5mm) co a ted  e t a l o n  was used to  o b ta in  a  s i n g l e  mode monochromatic 

o u tp u t  w i th  a frequency  w id th  o f  l e s s  th a n  100 MHz (<0.003cm” 1)■
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TABLE 5-1 LIST OF APPARATUS

A pparatus M an u fac tu re r Model

K rypton l a s e r S p e c tra  P h y s ic s 171

Dye l a s e r C oheren t R a d ia tio n 590

Dye l a s e r  
l i g h t  s t a b i l i z e r

S p e c tra  P h y sics 373

Spectrum  a n a ly z e r C oheren t O p tic s 470

D ual beam o s c i l lo s c o p e T e k tro n ix 556

Helium  dewar J a n is 8DT

F a b ry -P e ro t in te r f e r o m e te r B u rle ig h  In s tru m e n ts RC-110

Ramp g e n e ra to r B u rle ig h  In s tru m e n ts RC-44

D o u b le -g ra tin g  sp e c tro m e te r Spex 1401

P h o to m u l t ip l ie r  tube ITT FW130

R e f r ig e r a t io n  u n i t P ro d u c ts  f o r  R esearch TE-104

Power supp ly Power D esig n s , In c . AK-20

Nim b in B erkeley  N uc leo n ics A P .l

P r e a m p l i f ie r ,  A m p lif ie r , C anberra 813
D is c r im in a to r

R atem eter O rtec  441

S t r ip  c h a r t  r e c o rd e r  H oneyw ell 194
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Tuning o f  Che o u tp u t freq u en cy  was accom plished  as fo llo w s : f r e ­

quency changes on th e  o rd e r  o f  a th in  e ta lo n  mode hop (6 -7 cm- *) were 

o b ta in e d  by r o t a t i n g  th e  b i r e f r i n g e n t  f i l t e r  ab o u t i t s  s u r fa c e  norm al. 

Sm all fre q u e n c y  changes w ere made by t i l t i n g  th e  th in  e ta lo n  w ith  r e ­

s p e c t  to  th e  c a v i ty  beam e n a b lin g  th e  l a s e r  freq u en cy  to  hop betw een 

th ic k  e t a lo n  modes (0.3cm “ * c h a n g e s ) .

C e r ta in  i n s t a b i l i t i e s  in  th e  o u tp u t freq u en cy  spec tru m  o f th e  dye 

l a s e r  co m p lic a te d  th e  RBS e x p e rim e n ts , th e  most im p o rta n t o f which was 

th e  f l u c t u a t i o n  o f  th e  o u tp u t power w hich in tro d u c e d  th in  e ta lo n  mode 

hopp ing . T h is  problem  was p a r t i a l l y  a l l e v i a t e d  by in c o rp o ra t in g  a 

l i g h t  s t a b i l i z e r  in to  th e  e x p e r im e n ta l s e tu p .  However, mode hops s t i l l  

o c c u rre d  on th e  a v e ra g e  o f  one ev e ry  f iv e  m in u tes . Thus, th e  o u tp u t mode 

spec tru m  o f th e  dye l a s e r  had to  be c o n tin u o u s ly  m o n ito red  by a sp ec trum  

a n a ly z e r  ( s e e  below ) so  t h a t  u n d e s ir a b le  modes co u ld  be e l im in a te d  

th ro u g h  the- t i l t i n g  o f  th e  th in  e ta lo n .

Dye L ase r L ig h t S t a b i l i z e r . The dye l a s e r  power was m a in ta in e d  a t  

a  15mW o u tp u t by th e  dye l a s e r  l i g h t  s t a b i l i z e r  (S p e c tra  P h y s ic s , model 

3 7 3 ). T h is  c o n s is te d  o f a d e te c to r  head and a c o n t ro l  u n i t .  The d e te c to r  

head c o n ta in e d  a b e a m s p l i t te r  w hich r e f l e c t e d  3.5% o f th e  l a s e r  l i g h t  on­

to  a p h o to c e l l  d e t e c to r .  The s ig n a l  c r e a te d  by th e  p h o to c e l l  (0 .75u  A/mW) 

was a m p lif ie d  and compared w ith  a  DC r e f e r e n c e  s ig n a l  s p e c i f i e d  by th e  

l e v e l  c o n t ro l  ( lo c a te d  on th e  f r o n t  o f  th e  c o n t ro l  u n i t )  w hich s e t  th e  

d e s i r e d  o p e ra t in g  power l e v e l  o f  th e  l i g h t  s t a b i l i z e r .  The a m p lif ie d  

d i f f e r e n c e  o f  th e  two s ig n a ls  produced a c u r r e n t  th a t  was re tu rn e d  to  

th e  k ry p to n  io n  l a s e r  c o n t r o l  c i r c u i t r y  which th e n  com pensated fo r  th e  

dye l a s e r  power v a r i a t i o n s  by changing  th e  pump l a s e r  o u tp u t power.
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The pbwer o u tp u t o f  th e  dye cou ld  be s t a b i l i z e d  to  w ith in  ±0.5% p er 

hour f o r  a f ix e d  w av e len g th . In  a d d i t io n ,  th e  l i g h t  s t a b i l i z e r  a ls o  

a c te d  as  a power m eter w ith  i t s  m eter a c c u ra te  to  w ith in  ±10%.

Spectrum  A n a ly ze r . The spectrum  of th e  dye l a s e r  l i g h t  was ob­

se rv ed  w ith  an o p t i c a l  spectrum  a n a ly z e r  (C oheren t O p tic s , model 470) 

in  c o n ju n c tio n  w ith  an o s c i l lo s c o p e  (T e k tro n ix , d u a l beam model 556) 

and an a m p l i f ie r  (K e ith le y  In s tru m e n ts ,  model 102C). The o s c i l lo s c o p e  

was used to  b o th  ramp th e  sp ec trum  a n a ly z e r  and d is p la y  i t s  a m p lif ie d  

o u tp u t .  The f r e e  s p e c t r a l  range o f  th e  sp ec trum  a n a ly z e r  was 8GHz 

(-0 .27cm - 1 ) .

C ryogenic System . The sam ples w ere v e r t i c a l l y  a t ta c h e d  to  a hex - 

a g o n a lly  shaped copper sam ple mount v ia  a c o n d u c tiv e  vacuum g re a se  mix 

c o n s is t in g  o f  crycon  and N -g rease . The sam ple mount was th en  p la c e d  in  

a J a n ls  "S u p erv aritem p " l i q u id  he lium  dewar (model 8DT). O p tic a l  a c c e ss  

to  th e  sam ple was p ro v id ed  by fu sed  q u a r tz  windows on th e  dew ar. Cool­

in g  o f  th e  sam ple was ach iev ed  by h e liu m  exchange gas flo w in g  over th e  

copper sam ple mount and by co n d u c tio n  betw een th e  sam ple and th e  mount. 

T em perature was m easured u s in g  a c o p p e r-c o n s ta n ta n  therm ocouple which 

was in  th e rm a l c o n ta c t  w ith  th e  sam ple mount. Most ex p erim en ts  were 

perform ed a t  4 .2°K . O c c a s io n a lly  th e  l i q u id  h e liu m  was a llo w ed  to  f i l l  

th e  sam ple space  and was pumped to  o b ta in  te m p e ra tu re s  o f  2.7°K .

F a b ry -P e ro t I n te r f e r o m e te r . A t r i p l e - p a s s  F a b ry -P e ro t I n t e r f e r o ­

m eter (B u rle ig h  In s tru m e n ts , model RC-110) was used fo r  h ig h  r e s o lu t io n  

s p e c t r a l  a n a ly s is  o f  th e  s c a t t e r e d  l i g h t .  T h is  F a b ry -P e ro t used two p lan e  

m ir ro rs  w hich w ere c o a te d  f o r  93% r e f l e c t i v i t y  in  th e  s p e c t r a l  re g io n  

4500-5500A and had X/200 f l a t n e s s .  P i e z o e le c t r i c  ceram ic  t r a n s d u c e rs  (PZT)
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w ere used to  scan  and a l ig n  one o f  th e  p la n e  m ir ro rs  w ith  r e s p e c t  to  th e  

o th e r  m ir ro r  w hich rem ained f ix e d .  The ramp v o lta g e  (0 to  1000 v o l t s ,  

saw too th  in  tim e) a p p l ie d  in  th e  scan n in g  mode to  each o f  th e  PZT e l e ­

m ents was s u p p lie d  by a B u rle ig h  ramp g e n e ra to r  (model RC-44). Two 

c o m e r-c u b e  r e t r o - r e f l e c t o r s  w ere u t i l i z e d  to  o b ta in  t r i p l e - p a s s  

o p e r a t io n .  S e v e ra l f r e e  s p e c t r a l  ran g es  (FSR) ra n g in g  from 2 -1 3 .5cm” 1 

w ere u sed . The f in e s s e  o f  th e  in te r f e r o m e te r  v a r ie d  betw een 40 and 60 w ith  

a  c o n t r a s t  o f - lx lO 6 .

Double G ra tin g  S p e c tro m e te r . A f te r  p a s s in g  th e  in te r f e r o m e te r  th e  

s c a t t e r e d  l i g h t  a l s o  t r a v e r s e d  a 3 /4  m e te r Spex model 1401 C zerny -T um er 

doub le  g r a t in g  s p e c tro m e te r .  The s p e c tro m e te r  s e rv e d  two p u rp o se s :

( i )  d e te rm in ed  th e  in c id e n t  dye l a s e r  freq u en cy  by scan n in g  th e  

s c a t t e r e d  R ay le ig h  l i g h t  and ( i i )  a c te d  as a tu n a b le  l a s e r  f i l t e r  a llo w ­

in g  o n ly  R ay le ig h  and B r i l lo u in  com ponents to  p ass  d u rin g  th e  F ab ry - 

P e ro t s c a n .

P h o to m u lt ip l ie r  Tube. The l i g h t  le a v in g  th e  s p e c tro m e te r  was 

fo cu sed  on to  th e  ca th o d e  o f  an ITT FW130 p h o to m u lt ip l ie r  tu b e . The tube  

was m a in ta in e d  a t  -20°C by a  model TE-104 th e rm o e le c tr ic  r e f r i g e r a t i o n  

u n i t  m an u fac tu red  by P ro d u c ts  f o r  R esearch . The d a rk  coun t o f  th e  

coo led  tu b e  was a b o u t 3 c o u n ts /se c o n d . A Power D e s ig n s , In c . model 

AK-20 power su p p ly  p ro v id ed  1750 v o l t s  to  th e  p h o to m u lt ip l ie r  tu b e .

P ho ton -C oun ting  E le c t r o n ic s . The p h o to n -c o u n tin g  e l e c t r o n i c s  com­

p r is e d  a  "PAD" (C an b erra , model 813) which com bines a  p r e a m p l i f i e r ,  

a m p l i f ie r  and d is c r im in a to r  in  a s in g le  nim b in  m odule. The o u tp u t o f 

th e  d is c r im in a to r  was fe d  to  a  r a te m e te r  (O rte c , model 441) and reco rd ed  

on a  s t r i p c h a r t  r e c o rd e r  (H oneyw ell, model 194).
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3. E x p erim en ta l P ro c e d u re (73)

The RBS ex p erim en ts  u t i l i z e d  a  b a c k s c a t te r in g  geom etry w ith  b o th  

th e  w avevecto r and p o la r i z a t io n  o f  th e  in c id e n t  l i g h t  p e rp e n d ic u la r  to  

th e  c - a x is  o f th e  c r y s t a l  (£j_c, E_|_c). The in c id e n t  power was m a in ta in e d  

a t  15mW by th e  dye l a s e r  l i g h t  s t a b i l z e r  d is c u s s e d  e a r l i e r .

The e x p e r im e n ta l p ro c e d u re  w i l l  now be d e s c r ib e d .  The dye l a s e r

was f i r s t  tu n ed  to  some freq u en cy  in  th e  v i c i n i t y  o f  th e  A -e x c lto n  in

CdS (~ 20588cm- 1 ) .  D uring t h i s  tim e , th e  o u tp u t o f  th e  8GHz spectrum

a n a ly z e r  was c a r e f u l ly  view ed on th e  o s c i l lo s c o p e  in  o rd e r  to

v e r i f y  t h a t  th e  dye l a s e r  o u tp u t c o n s is te d  o f  a s in g le  freq u en cy .

The l a s e r  fre q u e n c y  was d e te rm in ed  by a llo w in g  th e  F a b ry -P e ro t i n t e r ­

fe ro m e te r  to  q u ic k ly  ramp th ro u g h  i t s  f r e e  s p e c t r a l  range  (FSR)'f' w ith  

a  ramp d u ra t io n  o f  20 m sec. S ince  th e  e l a s t i c  R ay le ig h  component i s  

. dom inant in  th e  o u tp u t o f  th e  F a b ry -P e ro t ,  th e  l a s e r  freq u en cy  can 

be o b ta in e d  by s lo w ly  sc an n in g  th e  g r a t in g  s p e c tro m e te r  w ith  narrow  

s l i t w i d th s  o v e r t h i s  e l a s t i c  com ponent. The slow  scan  ( 7 .5 cm-1 rain- 1 ) 

a llow ed  th e  e x p e rim e n te r  to  mark th e  s t r i p  c h a r t  re c o rd  in  1cm-1 in t e r v a l s  

by v i s u a l  com parison w ith  th e  s p e c tro m e te r  wavenumber i n d i c a to r .  Sub­

se q u en t i n t e r p o la t i o n  betw een th e  1cm”1 marks a llo w ed  th e  l a s e r  freq u en cy  

to  be d e te rm in ed  to  th e  n e a r e s t  0.1cm- 1 . M easurem ents made in  t h i s  way 

w ere re p ro d u c ib le  to  ab o u t 0.2cm- 1 ( th e  c a l i b r a t i o n  o f th e  s p e c tro m e te r  

was checked tw ice  each  day an ex p erim en t was c o n d u c te d ) . A f te r  th e  f r e ­

quency was d e te rm in e d , th e  s p e c tro m e te r  s l i t s  w ere opened to  p ro v id e  a

+ The FSR i s  d e te rm in ed  by th e  sp a c in g  d i n  c® betw een th e  F a b ry -P e ro t 
m ir ro rs  and i s  g iv en  by th e  e x p re s s io n :

FSR -  i

i n  u n i t s  o f  wavenumbers.
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passband s l i g h t l y  la r g e r  th an  th e  FSR o f th e  F a b ry -P e ro t. The g ra t in g s  

o f th e  sp e c tro m e te r  w ere th en  p o s i t io n e d  so th a t  e i t h e r  th e  S tokes o r 

a n t i -S to k e s  B r i l lo u in  components would be p assed  by th e  sp e c tro m e te r .

The F a b ry -P e ro t was th en  scanned th rough  i t s  FSR in  -100 seconds and 

th e  o u tp u t o f  th e  combined F a b ry -P e ro t-s p e c tro m e te r  system  was re c o rd e d  

on a s t r i p  c h a r t  r e c o rd e r .  The freq u en cy  o f  th e  dye l a s e r  was th e n  

changed by t i l t i n g  th e  th in  e ta lo n  as  p re v io u s ly  d e s c r ib e d . The above 

p ro ced u re  was th e n  r e p e a te d . The end r e s u l t  was a s e r i e s  o f  S tokes  and 

a n t i -S to k e s  B r i l lo u in  s p e c t r a  f o r  a  ran g e  o f  dye l a s e r  f re q u e n c ie s  

th rough  th e  A -e x c ito n  reso n an ce  re g io n .

F ig . 5-2 g iv e s  an i l l u s t r a t i v e  com parison  betw een th e  RBS s p e c tr a  

o b ta in e d  u s in g  th e  combined F a b ry -P e ro t in te r f e r o m e te r - g r a t in g  s p e c tro ­

m eter sy stem , u s in g  th e  p ro ced u re  d e sc r ib e d  above, and th e  s p e c t r a  

r e s u l t i n g  from  a scan n in g  g r a t in g  s p e c tro m e te r ,  th e  l a t t e r  te c h n iq u e  

h av ing  been used  in  m ost o f  th e  p re v io u s  RBS e x p e rim e n ts . The S tokes (b) 

and a n t i - S to k e s  (c) T A (2 -2 ') com ponents a r e  c l e a r ly  r e s o lv e d  when th e  

combined system  i s  used  ( e f f e c t iv e  r e s o lu t io n  -0.15cm  *) w hereas th e  

s p e c t r a  re c o rd e d  by th e  g r a t in g  s p e c tro m e te r  a lo n e  (a) shows S tokes  TA 

components w hich a r e  n o t co m p le te ly  r e s o lv e d  w h ile  th e  a n t i - S to k e s  TA 

components a re  obscured  by th e  wing o f th e  R ay le ig h  l i n e .

The FSR o f th e  F a b ry -P e ro t was chosen  in  such a way th a t  th e  

B r i l lo u in  components r e s u l t i n g  from th e  s c a t t e r in g  p ro c e s s  co u ld  be 

e a s i l y  o b se rv ed . For exam ple, to  o b serv e  in t r a b ra n c h  s c a t t e r i n g  from 

th e  upper p o la r i to n  b ran ch  ( i . e . ,  1 -1 ' s c a t t e r in g )  a FSR e q u a l to  

2.11cm“ 1 was u sed .
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Fit?. 5 -2  B r i l lo u in  spec tru m  o f CdS w ith  uii = 20584 cm"1 ,

an a ly zed  w ith ;  (a ) d o u b le -g ra t in g  s p e c tro m e te r  a lo n e ; (b) and (c) 

F a b ry -P e ro t in te r f e r o m e te r  and g r a t in g  s p e c tro m e te r  in  s e r i e s .  For 

th e  S tokes (b) and a n t i - S to k e s  (c ) h ig h  r e s o lu t io n  s p e c t r a ,  th e  f r e e  

s p e c t r a l  ran g e  o f  th e  F a b ry -P e ro t was 6 .1  cm-1 and th e  g r a t in g  s l i t s  

w ere a d ju s te d  to  g iv e  th e  passb an d  in d ic a te d  in  ( a ) . The B r i l lo u in  

com ponents r e s u l t  from  L A (2 -2 ') and TA (2 -2 1) s c a t t e r i n g .
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The FSR o f  th e  F a b ry -P e ro t was u s u a l ly  d e te rm in ed  by d e l ib e r a t e ly  

a llo w in g  two th i n  e ta lo n  modes to  be p r e s e n t  in  th e  dye l a s e r  o u tp u t .

T h is  l i g h t  was th e n  s c a t t e r e d  o f f  a  p ie c e  o f  t e f l o n  lo c a te d  w ith in  th e  

h e liu m  dew ar. The s e p a r a t io n  betw een th e se  two modes was o b ta in e d  by 

scan n in g  th e  g r a t in g  s p e c tro m e te r  o v e r  th e  s c a t t e r e d  l i g h t .  T h is tu rn e d  

o u t to  be -6 .7 c m ~ l. The s p e c tro m e te r  was th e n  p o s i t io n e d  midway betw een 

th e  'two modes w h ile  i t s  s l i t s  w ere opened to  p ass  b o th  o f  them. The 

F a b ry -P e ro t th e n  scanned  th e  modes, th e  sp ec trum  o f w hich was reco rd ed  

on a  s t r i p  c h a r t  r e c o r d e r .  S in ce  th e  s e p a r a t io n  betw een th e  modes was 

known, th e  FSR co u ld  be d e te rm in ed  from th e  s t r i p  c h a r t  r e c o rd .  A second 

method was to  u s e 'a  s ta n d a rd  m ercury o r  sodium  d o u b le t ,  ( e . g . ,  f o r  Eg:

5 7 8 9 .66& and 5 7 9 0 .66&) in s te a d  o f  two a d ja c e n t  th in  e ta lo n  modes from 

th e  dye l a s e r .

C. REFLECTIVITY EXPERIMENTS
(27)

1. E x p e rim en ta l Setup

The e x p e r im e n ta l a rran g em en t f o r  th e  r e f l e c t i v i t y  s tu d ie s  I s  shown 

in  F ig . 5-^3. A tu n g s te n  lamp w hich o p e ra te d  a t  seven  amps and n in e  v o l t s  

dc a c te d  as th e  w h ite  l i g h t  so u rc e  in  th e  e x p e rim en t. The power fo r  

th e  lamp was s u p p lie d  by a O e ltro n  r e g u la te d  power supp ly  (model H 3615). The 

l i g h t  f i r s t  p a sse d  th ro u g h  an  in f r a r e d  f i l t e r  (C orn ing ,. CS 1-75) b e fo re  

b e in g  fo cu sed  o n to  a p in h o le  by a  Nikon cam era’ l e n s .  L ig h t em anating  from 

th e  p in h o le  p assed  th ro u g h  a b lu e  f i l t e r  (C orn ing , CS i-9 6 )  which 

tr a n s m it te d  l i g h t  in  th e  w aveleng th  re g io n  3800A-55CQA ( t r a n s m is s iv i ty  

o f t h i s  f i l t e r  was 35% in  th e  range 1200A-52C0A which e a s i l y  covered  

th e  f re q u e n c ie s  o f th e  A and 3 e x c i to n s  in  CdS a t  a te m p e ra tu re  of



FIG. 5 -3  Schem atic o f  r e f l e c t i v i t y  e x p e r im e n ta l a r ra n g e ­

ment. L j , L^, L3 , and Ls a r e  p in h o le  (PL) 

fo c u s s in g , p in h o le  c o l l e c t i n g ,  sam ple fo c u s s in g , 

sam ple c o l l e c t in g  and sp e c tro m e te r  fo c u s s in g  

le n s e s  r e s p e c t iv e ly .  F o ca l le n g th s  a re  5 .5  cm 

(N ikon), 25 .4  cm, 33 .6  cm, 19 .1  cm and 1 8 .7  cm, 

r e s p e c t iv e ly .  P in h o le sP 1 and P2 a r e  1 mm and 

150 m ic ro n s , r e s p e c t iv e ly .  F1 and F2 co rresp o n d  

to  th e  in f r a r e d  and b lu e  C orning f i l t e r s ,
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4 .2 °K ). A f te r  p a s s in g  th rough  a p o la r i z e r  which a llo w ed  th e  l i g h t  to  

be p o la r iz e d  e i t h e r  p e rp e n d ic u la r  o r  p a r a l l e l  to  th e  c r y s t a l  c - a x i s ,  th e  

l i g h t  was c o l lim a te d  and th en  fo cu sed  on to  th e  CdS sam ple v e r t i c a l l y  

m ounted in  th e  J a n is  helium  dew ar. The sp o t s iz e  on th e  c r y s t a l  was 

ap p ro x im ate ly  1mm. The w avevecto r o f  th e  in c id e n t  l i g h t  was p e rp e n d ic ­

u l a r  to  th e  c - a x is  and form ed an a n g le  o f  abou t 5° w ith  th e  s u r fa c e  n o r­

mal o f th e  sam ple. The r e f l e c t e d  beam was c o l lim a te d  and fo cu ssed  onto  

a  p in h o le  in  th e  double g r a t in g  s p e c tro m e te r  u s in g  s im i la r  o p t ic s  as 

i n  th e  c a se  o f  th e  RBS e x p e rim e n ts . The p h o to e le c t r ic  co u n ts  r e s u l t in g  

from  th e  a m p lif ie d  and d is c r im in a te d  p h o to m u lt ip l ie r  s ig n a l  w ere then  

s to r e d  in  a  PDP-8E DEC m in icom puter which o p e ra te d  as  a m u ltic h a n n e l 

a n a ly z e r .

2 . E x p erim en ta l P rocedu re

R e f l e c t i v i ty  ex p erim en ts  w ere perform ed on th e  same CdS c r y s ta l s  

u sed  in  th e  RBS e x p e rim e n ts . The e x p e rim e n ta l p ro ced u re  c o n s is te d  o f 

scan n in g  the  doub le  g r a t in g  s p e c tro m e te r  o v e r a s p e c i f i c  freq u en cy  

ran g e  o f  th e  r e f l e c te d  l i g h t .  T h is  range  was from  20816.2cm "1 to  

20478.7cm "1 and in c lu d e d  th e  n = l f re q u e n c ie s  o f b o th  th e  A and B ex - 

c l to n s  fo r  CdS c r y s t a l s  a t  l i q u id  helium  te m p e ra tu re .

Each e x p e rim e n ta l run l a s t e d  f o r  n in e  m inu tes w ith  th e  sp e c tro m e te r  

scan n in g  a t  a  r a t e  o f  37.5cm "1m in"1 . The p h o to e le c t r ic  coun ts  r e s u l t in g  

from  th e  freq u en cy  scan  w ere s to r e d  in  th e  512^ ch an n e ls  o f  a PDP-8E 

m inicom puter which i t s e l f  was sc a n n in g  a t  a c lo c k  r a t e  o f  1 .0 8  seco n d s / 

ch an n e l ( t h i s  co rresponded  to  a  freq u en cy  r a t e  o f  0 , 675cm” 1/c h a n n e l ) .

The s p e c tro m e te r  and m inicom puter scan s  w ere i n i t i a t e d  s im u lta n e o u s ly .

4*

Each ch anne l c o n ta in s  two 12 b i t  w ords.
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The c o n te n ts  s to r e d  in  th e  memory o f th e  m inicom puter a f t e r  each  n in e  

m inu te scan  w ere then  t r a n s f e r r e d  to  a PDP-10 com puter and s to r e d  in  a 

d i g i t a l  f i l e .  S im ila r  freq u en cy  scan s  w ere a l s o  conducted  on l i g h t  r e ­

f l e c t e d  from  a  sm a ll m ir ro r  which was a t ta c h e d  to  th e  same copper mount 

as th e  CdS sam ples in  th e  helium  dew ar. Such e x p e rim e n ta l ru n s  w ere 

n e c e ss a ry  in  o rd e r  to  e l im in a te  th e  s p e c t r a l  dependence o f  th e  e x p e r i­

m en ta l a p p a ra tu s .  The background l e v e l  f o r  b o th  th e  c r y s t a l  and m ir ro r  

r e f l e c t i v i t y  s p e c t r a  was d e te rm in ed  by b lo c k in g  th e  l i g h t  e n te r in g  th e  

sp e c tro m e te r  o v er a s p e c i f i c  freq u en cy  i n t e r v a l  d u rin g  each e x p e rim e n ta l 

ru n . D ig i t a l  f i l e s  o f a b s o lu te  r e f l e c t i v i t y ,  w hich r e s u l t e d  from  th e  

n o rm alized  r a t i o  o f  th e  c r y s t a l  to  m ir ro r  r e f l e c t i v i t y  s p e c t r a ,  w ere sub­

se q u e n tly  used  f o r  l e a s t - s q u a r e s - f i t t i n g  a n a ly s i s .  R e s u lts  o f  t h i s  

a n a ly s i s  a r e  g iv en  in  Chap. V I.
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CHAPTER VI

RESULTS

A. INTRODUCTION

T h is  c h a p te r  c o n ta in s  th e  r e s u l t s  o f ex p erim en ts  conducted  in  

th e  co u rse  o f  th e  p r e s e n t  r e s e a r c h .  As d is c u s s e d  in  Chap. V, th e  

ex p erim en ts  w ere o f  two ty p e s . The f i r s t  ty p e  used r e s o n a n t B r i l lo u in  

s c a t t e r in g  to  s tu d y  one phonon s c a t t e r in g  p ro c e s s e s  from  e x c i to n -  

p o la r i to n s  n e a r  th e  A -e x c ito n  in  cadmium s u lp h id e . These ex p erim en ts  

r e s u l t e d  in  m easurem ents o f  th e  B r i l lo u in  s h i f t ,  l in e w id th  and e x te r n a l  

s c a t t e r i n g  c ro s s  s e c t io n s  o f v a r io u s  lo n g i tu d in a l  and t r a n s v e r s e  

B r i l lo u in  com ponents. Com parisons betw een th e se  m easurem ents and th e  

t h e o r e t i c a l  e x p re s s io n s  d e r iv e d  in  Chap. IV a r e  g iv e n  in  S e c tio n  B.

The second type  o f  ex p erim en t compared th e  r e f l e c t i v i t y  m easurem ents 

o v e r th e  A -e x c ito n  reso n an ce  w ith  th e  t h e o r e t i c a l  r e f l e c t i v i t y  ex­

p r e s s io n  which used  p a ra m e te rs  o b ta in e d  th ro u g h  th e  RBS a n a ly s i s .

T h is d is c u s s io n  i s  g iv en  in  S e c tio n  C. Both th e  RBS and r e f l e c t i v i t y  

r e s u l t s  u t i l i z e d  th e  th r e e  ABCs in  t h e i r  r e s p e c t iv e  a n a l y s i s .  These 

two ex p erim en ts  w ere f u r th e r  supplem ented  by o p t i c a l  d e n s i ty  m easure­

ments g iv en  in  S e c tio n  D. A ll  ex p erim en ts  w ere perfo rm ed  on th e  same 

CdS sam ple, a p l a t e l e t  grown by vap o r t r a n s p o r t  a t  th e  G en era l M otors 

R esearch  L a b o ra to ry , p ro v id ed  by D r. D. M. R o e s s le r .

B. RBS RESULTS

1. B r i l lo u in  S h i f t s

As n o ted  in  Chap. V, th e  RBS ex p erim en ts  were perform ed  w ith  

b o th  th e  in c id e n t  w avevecto r and p o la r i z a t io n  p e rp e n d ic u la r  to  th e  

c r y s t a l  c - a x i s .  Two i l l u s t r a t i o n s  o f S tokes B r i l lo u in  s p e c t r a  a re
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g iv en  in  F ig s .  6-1  and 6-2  w ith  th e  f r e e  s p e c t r a l  ran g e  (FSR) o f th e

F a b ry -P e ro t e q u a l to  12 .63  cm ^ and 2 .1 1  cm ^ r e s p e c t iv e ly .  These

i l l u s t r a t i o n s  c l e a r ly  show (1-2* and 2 -1 1) in te rb r a n c h  and (1—1 1)

in t r a b ra n c h  a c o u s t ic  phonon s c a t t e r i n g  p ro c e s s e s  w hich had n o t been

(28 30)o bserved  in  p re v io u s  RBS ex p erim en ts  on CdS ’ . .

F ig . 6-3  shows a l l  th e  o bserved  one-phonon B r i l lo u in  s h i f t s  

o b ta in e d  from  a  s in g le  CdS c r y s t a l  sam ple (21E -2). T hree f r e e  

s p e c t r a l  ran g es  o f  th e  F a b ry -P e ro t w ere em ployed: 2 .11  cm \  5.87cm  ̂

and 12 .63  cm The s o l id  l i n e s  th ro u g h  th e  d a ta  p o in ts  r e p r e s e n t  

th e  b e s t  f i t  o f  th e  t h e o r e t i c a l  B r i l lo u in  s h i f t  [Eq. (4 .3 1 )]  to  th e  

d a ta  by n o n - l in e a r  l e a s t  sq u a re s  f i t t i n g  p ro c e d u re . The fo u r  e x c i to n  

p a ra m e te rs  r e s u l t i n g  from  th e  f i t ,  a lo n g  w ith  th e  lo n g i tu d in a l  and 

tr a n s v e r s e  sound v e l o c i t i e s ,  a r e  l i s t e d  in  T ab le  6 -1 . A lso in c lu d e d  

in  t h i s  t a b le  a r e  th e  b e s t  f i t s  o b ta in e d  by W in te r lin g  and K o t e l e s ^ ^ .  

I t  sh o u ld  be n o te d  th a t  th e  t h e o r e t i c a l  B r i l lo u in  s h i f t s  a re  in depen ­

d en t o f  th e  e x c i to n  damping c o n s ta n t  T (chosen  h ere  to  be 0 .5  cm ^) 

fo r  0^r<5cm \

2. B r i l lo u in  L in ew id th s

The th e o r e t i c a l  a n a ly s i s  o f  BZB^^ p re d ic te d  t h a t  th e  l in e w id th  

o f th e  B r i l lo u in  com ponents shou ld  in c re a s e  a s  th e  in c id e n t  l a s e r  

freq u en cy  ap p roaches th e  e x c i to n  reso n an ce  from  below . The e x c i to n  

damping c o n s ta n t T, seen  in  th e  p o la r i to n  d is p e r s io n  r e l a t i o n  [Eq. 

(4 .2 5 ) ]  i s  r e s p o n s ib le  f o r  th e  l in e w id th  in c re a s e  o f  th e se  com ponents. 

B roadening  o f  b o th  th e  LA and TA ( 2 - 2 ')  com ponents was o bserved  in  th e  

RBS e x p e rim e n ts . F ig .  6-4 shows th e  ap p rox im ate  f u l l  w id th  a t  h a l f  

maximum A o f  th e  S tokes  TA ( 2 - 2 ')  com ponents d e te rm in ed  by s u b t r a c t io n  

o f th e  In s tru m e n ta l  l in e w id th  (FWHM o f  th e  R ay le ig h  l i n e )  from the
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FIG. 6 -1  B r i l lo u in  sp ec trum  o f CdS w ith  * 20612.3cm- 1 .

The F a b ry -P e ro t f r e e  s p e c t r a l  ran g e  was 12,63cm 1 

w ith  th e  sp e c tro m e te r  s e t  to  p ass  S tokes B r i l lo u in  

com ponents. These one phonon com ponents r e s u l t  

from  LA ( 1 - 1 ') ,  TA ( j l j ! ' ) .  TA ( 2 - 2 ') ,  LA ( 1 - 2 ')  

and LA ( 2 - 2 ') .  The la rg e  u n la b e le d  peak 

i l l u s t r a t e s  two phonon s c a t t e r i n g .
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FIG. 6-2 B r i l lo u in  spectrum  o f CdS w ith  53 20613.6cm \  

The F a b ry -P e ro t FSR eq u a led  2.11cm ^ w ith  th e  

s p e c tro m e te r  s e t  to  p ass  S tokes B r i l lo u in  

com ponents. These B r i l lo u in  components r e s u l t  

from  LA (1 -1 ’ ) and TA ( 1 - 1 ')  s c a t t e r i n g .

H atched re g io n  o f  LA (1 -1*) component r e p r e s e n ts  

th e  a re a  m easured by a  p la n im e te r .
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FIG. 6-3 B r i l lo u in  s h i f t s  o f  o bserved  one phonon S tokes 

and a n t i - S to k e s  peak s  a s  a fu n c t io n  o f in c id e n t  

l a s e r  f re q u e n c y . E x p erim en ta l B r i l lo u in  s h i f t

d a ta  was o b ta in e d  by u s in g  th r e e  d i f f e r e n t  FSRs

-1  -1  o f th e  F a b ry -P e ro t e q u a l to  2.11cm  , 5.87cm

and 12.63cm \  S o lid  l i n e s  r e p r e s e n t  th e  b e s t

f i t  o f th e  t h e o r e t i c a l  B r i l lo u in  s h i f t  to  th e  d a ta .
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B r i l lo u in  l in e w id th .  (Some of th e  d a ta  was d i g i t a l l y  reco rd ed  a f t e r  

which bo th  th e  R ay le ig h  and B r i l lo u in  com ponents were f i t t e d  to  

L o re n tz ia n  l in e s h a p e s .  An i l l u s t r a t i o n  o f t h i s  i s  g iven  in  F ig . 6 - 5 .)  

The s o l id  cu rves  in  F ig . 6 -4  a r e  th e  t h e o r e t i c a l  p r e d i c t i o n s ^  w ith  

fo u r  d i f f e r e n t  v a lu e s  o f T:

where c_ i s  th e  sound v e l o c i ty .  K" and K" a re  th e  im ag inary  p a r t s
Xi  Sj

o f  th e  in c id e n t  and s c a t t e r e d  p o la r i to n  w avev ec to rs  o b ta in e d  from 

th e  d is p e r s io n  r e l a t i o n  [see  Eq. (4 .2 5 ) ]  u s in g  known v a lu e s  o f th e  

e x c i to n  p a ra m e te rs  de te rm in ed  in  Sec. B (T ab le 6 -1 ) ,  These cu rv es  

in  F ig . 6-4 a re  computed w ith  T ta k e n  as  a fre q u e n c y -in d e p e n d e n t 

c o n s ta n t .  However, r(uj) may be an in c r e a s in g  fu n c t io n  o f  m fo r  

as su g g e s te d  by K. Cho, w hich would im prove th e  agreem ent betw een 

experim en t and th e o ry .

3 . E x te rn a l S c a t te r in g  C ross S e c tio n s

The t h e o r e t i c a l  cu rv es  f o r  b o th  th e  i n t e r n a l  [s e e  Eq. (4 .3 8 ) ]  

and e x te r n a l  [se e  Eq. (4 .5 3 ) ]  S tokes  s c a t t e r i n g  c ro s s  s e c t io n s  w i l l  

now be d is p la y e d  f o r  b o th  th e  d e fo rm a tio n  p o t e n t i a l  and p ie z o e le c t r i c  

in t e r a c t io n s  [Eqs. (4 .1 8 ) and (4 .2 3 ) r e s p e c t iv e l y ] .  The v a lu e s  used 

f o r  th e se  two i n t e r a c t io n s  a r e  l i s t e d  in  T ab le  6 -2 . The cu rv es  in  

F ig . 6-6 r e s u l t  from  th e  s u b s t i t u t i o n  o f  Eq. (4 .1 8 )  in to  Eqs. (4 .3 8 ) 

and (4 .5 3 ) w h ile  u s in g  th e  v a lu e s  l i s t e d  in  T ab les  6 -1  and 6-2 

(D eform ation  p o t e n t i a l ) .  T h is  f ig u r e  shows th e  lo g a r i th m  o f th e  

i n t e r n a l  s c a t t e r in g  c ro s s  s e c t io n  (cu rv e  a ) ,  th e  e x te r n a l  s c a t t e r in g

+ The in t e r n a l  s c a t t e r in g  c ro s s  s e c t io n  i s  th e  same f o r  a l l  th r e e  
ABCs in  Eq. (4 .3 9 ) .
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FIG. 6-4 A pproxim ate e x p e r im e n ta l l in e w id th s  o f th e  S tokes 

TA ( 2 - 2 ')  B r i l lo u in  com ponents (FWHM w ith  l a s e r  

l ln e w id th  s u b tr a c te d )  a s  a  f u n c t io n  o f in c id e n t  

l a s e r  f re q u e n c y . The s o l id  l i n e s  a re  t h e o r e t i c a l  

p r e d ic t io n s  w ith  fo u r  d i f f e r e n t  v a lu e s  o f  th e  

e x c ito n  damping p a ra m e te r  T.
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FIG. 6-5 B r i l lo u in  sp ec trum  showing b o th  R ay le ig h  and 

S tokes B r i l lo u in  l i n e s  f i t t e d  to  L o re n tz ia n s  

a f t e r  b e in g  d i g i t a l l y  re c o rd e d . F a b ry -P e ro t 

FSR eq u a led  1,75cm” 1 w ith  l a s e r  freq u en cy  

eq u a l to  20590.2cm 1 .
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c ro s s  s e c t io n  w ith  th e  s o l id  a n g le  c o r r e c t io n  f a c to r  (cu rv e  b) and 

th e  e x te r n a l  s c a t t e r i n g  c ro s s  s e c t io n  w ith o u t th e  s o l id  a n g le  c o r re c ­

t io n  f a c to r  (cu rv e  c ) f o r  ABC 1 [Eq. (4 .3 9 ) ]  a s  a fu n c tio n  o f  in c id e n t  

freq u en cy  (Oj. f o r  th e  S tokes LA (2 -2 ’ ) s c a t t e r i n g  p ro c e s s .  One can see  

how curve b i s  g e n e ra te d  by com paring cu rve  a w ith  F ig . 4-6 which shows 

th e  p ro d u c t o f th e  in c id e n t  and s c a t t e r e d  t r a n s m is s i v i t i e s  f o r  ABC 1.

F ig . 6-7 g iv e s  a s im i la r  i l l u s t r a t i o n  f o r  th e  i n t e r n a l  and e x te r n a l  

s c a t t e r in g  c ro s s  s e c t io n s  f o r  th e  S tokes TA ( 2 - 2 ')  component u t i l i z i n g  

th e  p i e z o e l e c t r i c  i n t e r a c t i o n  as d is c u s s e d  in  Chap. IV.

In . F ig . 6 -8 , th e  lo g a ri th m  o f th e  i n t e n s i t y  m easurem ents on th e  

S tokes LA ( 2 - 2 ')  B r i l lo u in  com ponents r e s u l t i n g  from RBS ex perim en ts  

u t i l i z i n g  two d i f f e r e n t  FSRs o f th e  F a b ry -P e ro t a r e  shown along  w ith  

th e  th r e e  t h e o r e t i c a l  e x te r n a l  s c a t t e r in g  c ro s s  s e c t i o n s .  The th re e  

t h e o r e t i c a l  cu rv es  r e s u l t  from  Eq. (4 .5 3 ) w ith  r D(q) g iv e n  by Eq. (4 .1 8 ) 

and T-lC^j) and Tj '  computed v ia  Eqs. (4 .4 8 ) and (4 .5 0 )  f o r  th e  th re e

d i f f e r e n t  ABCs [Eq. ( 4 .3 9 ) ] .  The d a ta  in  t h i s  f ig u r e  has  been no rm alized  

in  th e  freq u en cy  re g io n  w here th e  th r e e  t h e o r e t i c a l  cu rv es  a re  a p p ro x i­

m a te ly  e q u a l (20560cm""^ -  20570cm * ).. The n o rm a liz a tio n  c o n s ta n t

f o r  th e  d a ta  o b ta in e d  u s in g  a  FSR eq u a l to  12.63cm ^ (c lo se d  c i r c l e s )  

was - 8 .2  w h ile  th e  n o rm a liz a tio n  c o n s ta n t  f o r  th e  d a ta  o b ta in e d  w ith  

FSR e q u a l to  5,87cm ^ (open c i r c l e s )  was s 8 .5 4 . Each d a ta  p o in t  was 

de te rm in ed  by m easuring  th e  a c tu a l  B r i l lo u in  l ln e s h a p e  from  th e  s t r i p  

c h a r t  re c o rd  u s in g  a p la n im e te r .  The e q u a tio n  used  to  d e te rm in e  th e  

i n t e n s i t y  o f  each  B r i l lo u in  l i n e  i s  (b e fo re  ta k in g  th e  lo g a r i th m ):

FSR
/  \  

R
L , 100
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Here A I s  th e  averaged  a re a  ( in  sq u a re  in c h e s )  of th e  B r i l lo u in  

component as m easured s e v e r a l  tim es w ith  th e  p la n im e te r  (see  F ig .

6 -2  f o r  an  i l l u s t r a t i o n  o f  th e  a re a  m e asu re d ), FSR i s  th e  f r e e  

s p e c t r a l  ran g e  o f  th e  F a b ry -P e ro t ( in  cm ) ,  L i s  th e  p h y s ic a l  

d is ta n c e  ( in  in c h e s )  betw een th e  two R ay le ig h  l i n e s  and R i s  th e  

f u l l  s c a le  re a d in g  o f  th e  ra te m e te r  ( in  c o u n ts /se c o n d ) .

A s im i la r  i l l u s t r a t i o n  f o r  th e  i n t e n s i t y  o f th e  S tokes TA (2 -2 1) 

d a ta  w ith  th e  FSR e q u a l to  5.87cm ^ i s  g iven  in  F ig . 6 -9 . Each d a ta  

p o in t  h e re  has been n o rm alized  by th e  same n o rm a liz a tio n  c o n s ta n t 

(“ 8 .5 4 ) used f o r  th e  S tokes LA (2 -2 ’ ) d a ta  re c o rd e d  w ith  FSR eq u a l 

to  5.87cm ^ (open c i r c l e s  in  F ig .  6 -8 ) .  The th r e e  cu rv es  in  F ig . 6-9 

r e p r e s e n t  th e  e x te r n a l  s c a t t e r in g  c ro s s  s e c t io n s  f o r  th e  th r e e  ABCs 

in  th e  case  o f th e  p i e z o e l e c t r i c  p o la r ito n -p h o n o n  i n t e r a c t io n  

[Eq. ( 4 .2 1 ) ] .

The lo g a rith m  o f th e  i n t e n s i t i e s  o f th e  S tokes LA ( l - l 1)

B r i l lo u in  l i n e s  o b ta in e d  u s in g  two FSRs e q u a l to  2.11cm 1 and 12.63cm \  

a r e  shown in  F ig .  6-10 a lo n g  w ith  th e  th re e  t h e o r e t i c a l  s c a t t e r in g  

c ro s s  s e c t io n  cu rv es  o b ta in e d  from  Eq. (4 .5 3 )  w ith  T0 (q) g iv en  by 

(4 .1 8 ) .  The open c i r c l e s  a r e  th e  d a ta  w ith  FSR = 2.11cm ^ which have 

been n o rm alized  to  th e  t h e o r e t i c a l  c u rv e s . The c lo se d  c i r c l e s  

r e p r e s e n t  d a ta  o b ta in e d  from  two FSRs eq u a l to  2.11cm ^ and 5.87cm ^ 

w hich have been n o rm alized  by th e  same n o rm a liz a tio n  c o n s ta n t  ( - 8 .2 )  

used f o r  th e  S tokes LA ( 2 - 2 ')  w ith  FSR ■ 12.63cm \

A d d itio n a l a n a ly s i s  and d is c u s s io n  co n ce rn in g  th e  e x te r n a l  

s c a t t e r i n g  c ro s s  s e c t io n  r e s u l t s  from  RBS i s  g iv en  in  Chap. V II .
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FIG. 6-6  ^°S ^ q ° f  t h e t h e o r e t i c a l  i n t e r n a l  ( a ) ,  e x te r n a l

w ith  s o l id  a n g le  c o r r e c t io n  f a c t o r  (b) and 

e x te r n a l  w ith o u t s o l id  a n g le  c o r r e c t io n  f a c t o r  

(c ) s c a t t e r i n g  c ro s s  s e c t io n s  fo r  LA {2 -2 ’ ) 

s c a t t e r i n g  as a fu n c tio n  o f l a s e r  freq u en cy  oĵ . 

ABC1 i s  assumed fo r  cu rv es  (b) and ( c ) .  P a ra ­

m e te rs  used  in  th e  f ig u r e  a re  from  T ab les  6-1  

and 6 -2 .
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FIG. 6-7 the theoretical internal (a), external

w ith  s o l id  a n g le  c o r r e c t io n  f a c t o r  (b) and 

e x te r n a l  w ith o u t s o l id  a n g le  c o r r e c t io n  f a c t o r  (c) 

s c a t t e r in g  c ro s s  s e c t io n  f o r  TA (2 -2 ’ ) 

s c a t t e r i n g  as  a f u n c t io n  o f  l a s e r  fre q u e n c y  U j. 

ABC1 i s  assumed f o r  cu rv es  (b) and ( c ) .  P a ra ­

m e te rs  used in  th e  f ig u r e  a r e  from  T ab les  6-1 

and 6 -2 .
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FIG. 6-8 comparison of the theoretical external

s c a t t e r i n g  c ro s s  s e c t io n  f o r  th e  S tokes LA 

(2 - 2 r ) s c a t t e r i n g  fo r  v a r io u s  ABCs w ith  th e  

log^Q o f  th e  e x p e r im e n ta lly  m easured B r i l lo u in  

i n t e n s i t y .  Open (c lo s e d )  c i r c l e s  r e p r e s e n t  th e  

d a ta  w hich has  been o b ta in e d  w ith  a FSR e q u a l 

to  5.87cm ^ (12.63cm ^ ) .  Both s e t s  o f d a ta  

have been n o rm alized  to  th e  cu rv es  in  th e  

freq u en cy  re g io n  20560cm ^ s uij£ 20570cm
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FIG. 6-9 LoS^o com parison  o f th e  t h e o r e t i c a l  e x te r n a l  

s c a t t e r i n g  c ro s s  s e c t io n  f o r  th e  S to k es  TA 

(2 -2 ’ ) s c a t t e r i n g  f o r  v a r io u s  ABCs w ith  th e  

log^Q o f th e  e x p e r im e n ta lly  m easured B r i l lo u in  

i n t e n s i t y .  The c lo se d  c i r c l e s  r e p r e s e n t  th e  

d a ta  w hich h as  been o b ta in e d  v i a  a FSR eq u a l 

to  5.87cm T h is  d a ta  h as  been n o rm a lize d  

by th e  same c o n s ta n t  u sed  f o r  th e  open c i r c l e  

d a ta  in  F ig . 6 -8 .
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FIG. 6-10 I'OSjq com parison  o f  th e  t h e o r e t i c a l  e x te r n a l  s c a t t e r i n g  

c ro s s  s e c t io n  f o r  th e  S tokes LA (1 -1* ) s c a t t e r i n g  f o r  

v a r io u s  ABCs w ith  th e  l ° g 10 o f  th e  e x p e r im e n ta lly  mea­

su red  B r i l lo u in  i n t e n s i t y .  Open c i r c l e s  p lo t t e d  a long  

th e  t h e o r e t i c a l  c u rv e s  r e p r e s e n t  d a ta  w hich has  been 

n o rm alized  to  th e  th e o ry  (FSR = 2 .11  cm"1) .  C losed  

c i r c l e s  r e p r e s e n t  d a ta  w hich h as  been n o rm alized  by 

th e  same c o n s ta n t  used f o r  th e  S tokes LA ( 2 - 2 ')  d a ta  

w ith  FSR = 1 2 .63  cm"1. The open t r i a n g l e s  r e p r e s e n t  

d a ta  o b ta in e d  w ith  FSR » 2 .11cm "1 w hich have now been 

n o rm alized  to  th e  c lo se d  c i r c l e  d a ta .
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C. REFLECTIVITY RESULTS

As was d is c u s se d  in  S ec. C o f  Chap. V, th e  r e f l e c t i v i t y  e x p e r i­

m ents covered  a freq u en cy  re g io n  which in c lu d e d  b o th  th e  n= l A and B 

e x c i to n  re so n an ces  in  CdS. The r a t i o  o f  th e  d i g i t a l  re c o rd  o f th e  

CdS r e f l e c t i v i t y  spectrum  o b ta in e d  from  th e  sam ple to  th a t  o f th e  

lamp sp ectrum  o b ta in e d  from  a m ir ro r  r e s u l t e d  in  a c o r re c te d  e x p e r i­

m en ta l r e f l e c t i v i t y  e x p re s s io n  as a fu n c tio n  o f ch an n e l number:

J ( I )  = C (N (I)-N b) {1+(N (I)-N b ) rc }
-----------------------------------------------------------  (6 .3 )
(<M(I)> -  MB) U +(<M (I)> -  fiB) Rc )

where I  i s  th e  c h an n e l number ra n g in g  from 1 to  500 (co rre sp o n d in g  

to  a freq u en cy  range  from  20816.2cm ^ to  20478.7cm ■*"). The c o n s ta n t 

C n o rm a liz e s  th e  e x p re s s io n  in  (6 .3 )  to  ap p ro x im ate ly  25% in  th e  

freq u en cy  re g io n  betw een 20492.2cm ^ to  20485.5cm \  ^  N (I) c o r ­

re sp o n d s to  th e  CdS r e f l e c t i v i t y  d i g i t a l  re a d in g  in  co u n ts  p e r  channe l 

w h ile  M (I) s im i la r ly  co rre sp o n d s  to  th e  r e f l e c t i v i t y  re a d in g  o f  th e  

lamp spectrum  o f f  th e  m ir ro r .  The term  <M(I)> i s  a l i n e a r iz e d  

v e r s io n  o f  M (I) w hich was c re a te d  to  smooth o u t th e  c o r r e c t  r e f l e c t i v i t y  

e x p re s s io n  J ( I ) .  Ng (MB) i s  an av eraged -backg round  f o r  th e  CdS (m irro r)

r e f l e c t i v i t y  which was e s ta b l i s h e d  in  th e  freq u en cy  re g io n  from
■■I “ 1  - 620807.2cm to  20792.2cm . The Rc te rm  w hich e q u a ls  1 .76  X 10 i s

a f a c t o r  used  to  c o r r e c t  f o r  th e  n o n - l in e a r  re sp o n se  o f  th e  pho ton

co u n tin g  e l e c t r o n i c s .

The t h e o r e t i c a l  r e f l e c t i v i t y  e x p re s s io n  w i l l  now be fo rm u la te d .

S ince  b o th  th e  A and B e x c i to n  re so n an ces  were o bserved  in  th e

e x p e rim e n ta l ru n s ,  th e  t h e o r e t i c a l  fo rm u la tio n  must in c lu d e  bo th

c o n t r ib u t io n s .  T h is can be accom plished  most e a s i l y  by d e s c r ib in g
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th e  A -e x c ito n  d is p e r s io n  e q u a tio n  by Eq. (A .25) w h ile  th e  B -ex c ito n  

i s  in c lu d e d  a s  a c l a s s i c a l  o s c i l l a t o r  [Eq. (A .25) w ith  m* s e t  eq u a l 

to  i n f i n i t y ] .  These two c o n t r ib u t io n s  can be in c lu d e d  in  Eq. (A .25) 

by a llo w in g  th e  background d i e l e c t r i c  c o n s ta n t  to  become a c l a s s i c a l  

o s c i l l a t o r  fu n c tio n  o f to:

Here i s  th e  background d i e l e c t r i c  c o n s ta n t  which e x c lu d es  a con­

t r i b u t i o n  from  th e  B -e x c ito n , Aitocj, i s  p ro p o r t io n a l  to  th e  B -e x c i to n ’ s
B

o s c i l l a t o r  s t r e n g th ,  <dc i s  th e  B -e x c i to n ’ s t r a n s v e r s e  freq u en cy  and
B

Tg i s  i t s  damping c o n s ta n t .  S ince  th e  main concern  in  t h i s  a n a ly s i s

i s  to  f i t  th e  r e f l e c t i v i t y  cu rve o f  th e  A -e x c ito n , th e  v a lu e s  of

Aira0 , ai0 and IV , w hich a r e  d is p la y e d  in  T ab le  6 -3 , w ere o b ta in e d  
B B

on a t r i a l  and e r r o r  b a s i s  (no f i t t i n g  betw een th e  t h e o r e t i c a l  c l a s s i ­

c a l  o s c i l l a t o r  model and th e  e x p e rim e n ta l B -e x c ito n  r e f l e c t i v i t y  was 

p e rfo rm e d ).

S u b s t i tu t io n  o f Eq. < 6 .A) in to  Eq. (A .25) r e s u l t s  in  th e  p o la r i to n  

d is p e r s io n  e q u a tio n  ( in  cm :

w hich r e s u l t s ,  once a g a in , i n  two s im u ltan e o u s  p ro p a g a tin g  p o la r i to n  

modes, k ^ . The complex r e f r a c t i v e  in d ex  f o r  each o f  th e s e  modes i s  

o b ta in e d  th ro u g h  th e  r e l a t i o n

e b --------- > E b ^  *  ^ b  +  4lTaBtl>° g
2 2<uo -  a) -  iwTg

( 6 . A)

k2
w2

u 2 + Bk2 ~ oj2 "  i» r

(6 .5 )

i  -  1 ,2
(6 .6 )
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The t h e o r e t i c a l  e x p re s s io n  f o r  th e  r e f l e c t i v i t y ,  g iv en  by 

Eq. (A .49) now becom es:

a2 fl+5c ) - i 1(1+RcJ

(6.7)

1 ‘ '2

where th e  th r e e  ABC e x p re s s io n s  in  Eq. (4 .3 9 ) a re  now e x p re sse d  a s :

I .  “  rip -  e , ( id)  ABC1 (6 .8 a )
I  D

a . * n_ (ru  -  ev . ( id) )  ABC2 (6 .8 b )
1 c i  i

=--- -----1----  ABC3 (6 .8 c )
%  ~ *e

i  -  1 ,2

The t h e o r e t i c a l  r e f l e c t i v i t y  e x p re s s io n  g iv en  by Eq. (6 .7 )  above 

was th e n  f i t t e d  to  th e  c o r r e c te d  e x p e rim e n ta l r e f l e c t i v i t y  e x p re s s io n  

Eq. (6 .3 )  f o r  each  o f th e  th r e e  ABCs [Eq. (6 .8 a )  -  ( 6 .8 c ) ]  v ia  a non­

l i n e a r  l e a s t  sq u a re  f i t t i n g  program . D uring  t h i s  a n a l y s i s ,  th e  A and 

B e x c i to n  p a ra m e te rs  d is p la y e d  in  T ab les  6 -1  and 6 -3  w ere h e ld  f ix e d  

w h ile  th e  A -e x c ito n  damping c o n s ta n t  T and th e  background d i e l e c t r i c  

c o n s ta n t  w ere a llo w ed  to  v a ry .  F i t t i n g  o c c u rre d  over th e  frequency  

re g io n  from  20654.2cm ^ to  20482.1cm ^ w hich In c lu d e d  th e  A -ex c ito n  

re so n an ce  o n ly . F ig s .  6 -1 1 , 6-12 and 6-13 i l l u s t r a t e  th e  b e s t  f i t s  

betw een th e  t h e o r e t i c a l  and e x p e r im e n ta l r e f l e c t i v i t y  e x p re s s io n s  f o r  

ABC1, 2 and 3 r e s p e c t iv e l y ,  w h ile  T ab le 6-4 shows th e  b e s t  f i t  v a lu e s  

o f T and fo r  each  o f  th e  ABCs. F u r th e r  d is c u s s io n  on th e se  r e s u l t s  

w i l l  be c o n tin u e d  in  Chap. V II .

D. ABSORPTION MEASUREMENTS

In  a s e p a r a te  a tte m p t to  d e te rm in e  th e  v a lu e  o f th e  e x c ito n  

damping c o n s ta n t  T, a b s o rp tio n  m easurem ents w ere perform ed  on th e  same 

CdS sam ple used in  th e  RBS and r e f l e c t i v i t y  ex p erim en ts  p re v io u s ly
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FIG. 6-11 Non-linear least squares fit of the theoretical

r e f l e c t i v i t y  e x p re s s io n  u s in g  ABC1 to  th e  e x p e r i­

m en ta l r e f l e c t i v i t y .  B est f i t  c o e f f i c i e n t s  a re  

l i s t e d  in  T ab le  6 -4 . The t h e o r e t i c a l  cu rv es  a re  

th e  s o l id  l i n e s  w h ile  th e  e x p e rim e n ta l e x p re s s io n  i s  

i l l u s t r a t e d  by th e  d a ta  p o in t s .  The arrow s in d i c a te  

th e  freq u en cy  r e g io n  in  w hich f i t t i n g  was ta k in g  

p la c e .  R e f l e c t i v i t y  p e rc e n ta g e  i s  shown a lo n g  th e  

y - a x l s .
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FIG. 6-12 Non-linear least squares fit of the theoretical

r e f l e c t i v i t y  e x p re s s io n  u s in g  ABC2 to  th e  e x p e r i­

m en ta l r e f l e c t i v i t y .  B est f i t  c o e f f i c i e n t s  a re  

l i s t e d  in  T ab le  6 -4 . The t h e o r e t i c a l  cu rv es  a re  

th e  s o l id  l i n e s  w h ile  th e  e x p e rim e n ta l e x p re s s io n  i s  

i l l u s t r a t e d  by th e  d a ta  p o in t s .  The arrow s in d ic a te  

th e  freq u en cy  re g io n  in  w hich f i t t i n g  was ta k in g  

p la c e .  R e f l e c t i v i t y  p e rc e n ta g e  i s  shown a lo n g  th e  

y - a x i s .
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FIG. 6-13 Non-linear least squares fit of the theoretical

r e f l e c t i v i t y  e x p re s s io n  u s in g  ABC3 to  th e  e x p e r i­

m en ta l r e f l e c t i v i t y .  B est f i t  c o e f f i c i e n t s  a re  

l i s t e d  in  T ab le 6 -4 . The t h e o r e t i c a l  cu rv es  a re  

th e  s o l id  l i n e s  w h ile  th e  e x p e rim e n ta l e x p re s s io n  

i s  i l l u s t r a t e d  by th e  d a ta  p o in t s .  The arrow s in ­

d ic a te  th e  freq u en cy  re g io n  in  which f i t t i n g  was 

ta k in g  p la c e .  R e f l e c t i v i t y  p e rc e n ta g e  i s  shown 

a lo n g  th e  y - a x is .
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d is c u s se d  in  S e c tio n s  B and C. The a b s o rp tio n  m easurem ents were 

perform ed a t  4 .2°K  o ver th e  freq u en cy  r e g io n  20540 i  $

20670cm ^ (k j J_ c , S jJ _ c ] .  The ex p erim en t u t i l i z e d  th e  dye l a s e r  

to  change th e  in c id e n t  freq u en cy  o v er t h i s  r e g io n .  The i n t e n s i t y  

o f th e  t r a n s m it te d  l i g h t  th ro u g h  th e  c r y s t a l ,  in  a d d i t io n  to  th e  

i n t e n s i t y  o f a re fe re n c e  beam used to  c o r r e c t  f o r  equipm ent v a r i a ­

t io n s  a t  d i f f e r e n t  l a s e r  f re q u e n c ie s , was m easured by scan n in g  th e  

g r a t in g  sp e c tro m e te r  o ver th e  in c id e n t  l a s e r  fre q u e n c y . I t  was 

n o t ic e d ,  how ever, t h a t  sm a ll d e p o la r iz a t io n  e f f e c t s  from  th e  p o la r i z a ­

t io n  r o t a t o r  and th e  fu sed  q u a r tz  dewar windows r e s u l t e d  in  th e  i n c i ­

d e n t p o l a r i z a t i o n  h av in g  a  sm a ll component p a r a l l e l  to  c and th u s  

y ie ld in g  a l a r g e r  tr a n s m is s io n  th ro u g h  th e  sam ple. In  an a tte m p t 

to  p a r t i a l l y  remedy t h i s  p rob lem , a sm a ll p o l a r i z e r  was p la c e d  in s id e  

th e  h e lium  dewar to  in s u re  a  maximum in c id e n t  p o l a r i z a t i o n  p e rp e n d ic u la r  

to  th e  c - a x i s .

The t h e o r e t i c a l  c a l c u la t io n  o f  th e  o p t i c a l  d e n s i ty  i s  perform ed

w ith  th e  use o f  Eqs. ( 4 .4 7 ) ,  (4 .4 8 )  and (4 .5 0 ) .  The r a t i o  o f th e

t r a n s m it te d  l i g h t  th ro u g h  th e  c r y s t a l  to  th e  in c id e n t  l a s e r  l i g h t  i s  

g iv en  by:

2®xt 2

i s  - i w  ;2Kl'iL t; <“i> <6-s)
1 i  - 1

w here T ^w ^) i s  g iv en  by E qs. (4 .4 7 ) and (4 .4 8 )  ( fo r  i  *  1 and 2

r e s p e c t iv e ly )  and T^’ (m^) i s  g iv e n  by Eq. ( 4 .5 0 ) .  i s  th e  im ag inary

th  ^p a r t  o f  th e  i  p o la r i to n  w avevecto r and L i s  th e  sam ple th ic k n e s s .

( I n te r f e r e n c e  e f f e c t s  betw een th e  two p ro p a g a tin g  modes in  a d d i t io n

to  m u l t ip le  r e f l e c t i o n s  from  th e  sam ple s u r fa c e s  have been n e g le c te d
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in  th e  c a l c u la t io n  o f ( 6 .9 ) ) .  The o p t i c a l  d e n s i ty  i s :

( r e x t i
O.D. = lo g

10
'I T
Te x t

I

(6 . 10)

The cu rv es  r e s u l t i n g  from  th e  s u b s t i t u t i o n  o f  Eq. (6 .9 )  in to

Eq. (6 .1 0 ) u s in g  ABC1 [Eq. (4 .3 9 ) ]  a r e  shown in  F ig .  6-14 f o r  s ix

d i f f e r e n t  v a lu e s  o f  T. P lo t t e d  a ls o  a r e  th e  e x p e r im e n ta lly  m easured

o p t i c a l  d e n s i t i e s  f o r  s e v e r a l  d i f f e r e n t  in c id e n t  l a s e r  f re q u e n c ie s .

The T -value  of -0 .05cm  ^ in  th e  freq u en cy  re g io n  betw een 20560 and 
-1

20580cm seems to  be th e  most a p p ro p r ia te  one. One can th e n  s t a t e  

t h a t  t h i s  v a lu e  o f  T sh o u ld  be c o n s id e re d  as  a low er bound s in c e  

more l i g h t  i s  p ro b a b ly  b e in g  t r a n s m it te d  th ro u g h  th e  c r y s t a l  due to  

th e  d e p o la r iz a t io n  e f f e c t s  m entioned  e a r l i e r .
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FIG. 6-14 Comparison betw een t h e o r e t i c a l  and e x p e r im e n ta l 

o p t i c a l  d e n s i ty  e x p re s s io n s .  The t h e o r e t i c a l  

o p t i c a l  d e n s i ty  e x p re s s io n  u t i l i z e s  t r a n s m is s iv i ty  

e x p re s s io n s  from  Chap. IV u s in g  ABC1, S ix  v a lu e s  

o f r  have been chosen .

(a) r  -  0 .0 1  cm-1 , (b) r  « 0 .0 2  cm"1

(c) T 11 0 .05  cm” 1 , (d) T = 0 .1  cm-1

(e) T = 0 .2  cm- 1 , ( f )  T = 0 .5  cm-1

O ther p a ram e te rs  used  a re  from  T ab le  6 -1 .
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TABLE 6-1 BEST FIT VALUES OF THE EXCITON PARAMETERS

FOR THE n = 1 A-EXCITON IN CdS

C u rre n t V alues

W in te r lin g  
and 

Ko t e l e s  (60)

D ie l e c t r i c  C on stan t 9 .38 9 .3

E f f e c t iv e  Mass 

m*

0.831% 0.891%

O s c i l l a to r  S tre n g th  

4ira

0 .0142 0.0139

T ran sv e rse  F requency 20588.8cm'.-1 20589.5cm,-1
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TABLE 6-2 VALUES USED IN THE EXPRESSIONS FOR THE DEFORMATION 

POTENTIAL AND PIEZOELECTRIC INTERACTIONS

Sound V e l o c i t i e s

CSj ^  = 4 .25  x 105cm/sec 

C®TA * 1 .76  x 10s cm/sec

C r y s ta l  D en s i ty

P  = 4 .84 gm/cm3

( 5 9 )
P i e z o e l e c t r i c  C onstan t

e 15 = - 0 .2 1  coul/ra2

(81)
D eform ation  P o t e n t i a l s

De « 4 .5  eV

Dh -  - 2 . 9  eV

A -Exciton Bohr Radius

aB = 28A

E f f e c t iv e Hole Mass

®h* = 0 ,7  nig

E f f e c t iv e E le c t r o n  Mass^"*"^

m* = 0 .2  mg
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TABLE 6-3 VALUES USED FOR THE CLASSICAL OSCILLATOR

DESCRIPTION OF THE B-EXCITON

O s c i l l a t o r  S t r e n g th  

4™ oB

T ra n s v e rse  Frequency

Damping C o n s tan t

0.01

20710.0 cm"1

7 .0  cm-1

139



TABLE

T 2

e b 9

6-4 BEST FIT VALUES FOR T AND eb RESULTING FROM

REFLECTIVITY ANALYSIS FOR EACH OF THE THREE ABCs

ABC1 ABC2 ABC3

09 cm-  ̂ 6 .97  cm~* 5 .04

54 11.02 10.17
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CHAPTER VXX

DISCUSSION

A. INTRODUCTION

D is c u ss io n s  co nce rn ing  th e  RBS and r e f l e c t i v i t y  r e s u l t s  w i l l  be 

p re s e n te d  i n  t h i s  c h a p te r .  Some a d d i t i o n a l  com parisons between the  

ex p e r im e n ta l  r e f l e c t i v i t y  e x p re s s io n  and a s l i g h t l y  r e v i s e d  t h e o r e t i c a l  

r e f l e c t i v i t y  e x p re s s io n  w i l l  a l s o  be made. Some g e n e r a l  rem arks w i l l  

be made c o n ce rn in g  th e  t h e o r e t i c a l  c a l c u l a t i o n  o f  Chap. IV and the  

experim en t o f  Chap. V. A summary o f  th e  c o n c lu s io n s  i s  then  g iven  

a long  w ith  s u g g e s t io n s  f o r  f u t u r e  c a l c u l a t i o n s  and ex p e r im e n ts .

B. DISCUSSION OF THE RBS RESULTS

The n o n - l i n e a r  l e a s t  sq u a re s  f i t t i n g  o f  th e  th e o ry  (Chap. VI. Sec.B) 

to  th e  B r l l l o u i n  s h i f t  measurements r e s u l t e d  i n  r e v i s e d  v a lu e s  o f  the  

CdS A -e x c i to n  p a ra m e te rs :  4.ira , m*, e. , to™ (see  Table  6 - 1 ) .  These
O D I

v a lu e s  were then  in c o rp o r a te d  i n t o  the  t h e o r e t i c a l  l in e w id th  e x p re s ­

s io n  g iven  by Eq. (6 .1 )  f o r  com parison w i th  th e  measured f u l l  w id th  

a t  h a l f  maximum of  th e  S tokes  TA (2—2 1) components. These com parisons 

showed t h a t  f o r  a) < a  v a lu e  o f  T between 0 .3  cm-1 and 0 .5  cm"1 

might be a p p r o p r i a t e . ^  However, i n  th e  f req u en cy  r e g io n  between and

ojt , the  observed  FWHM of th e  TA l i n e s  i n c r e a s e s  m o n o to n ic a l ly . A 
Li

s i m i l a r  t r e n d  was a l s o  o bserved  f o r  the  S tokes  LA ( 2 - 2 ' )  components.

(82 )K. Cho has  su g g e s te d  t h a t  f o r  b ran ch  2 p o l a r i t o n s  n e a r  resonance ,

(aj < a) < (uT) ,  new decay channe ls  shou ld  come in t o  e f f e c t  due to  the
1 L

f --------------  (S'S)
Flynn and Geschwind J have a l s o  conducted  l in e w id th  measurements on 
CdS. They observed  from t h e i r  samples much na rrow er l in e w id th s  fo r  
bo th  TA and LA B r i l l o u i n  components.
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i n c r e a s e  i n  momentum. T h is  would chen r e s u l t  in  an i n c r e a s e  o f  F 

with, i n c r e a s i n g  f re q u e n c y ,  i n  q u a l i t a t i v e  ag reem en t w i th  ou r  FWHM 

d a t a .

The t h e o r e t i c a l  e x t e r n a l  d i f f e r e n t i a l  s c a t t e r i n g  c r o s s  s e c t i o n  

a n a l y s i s  u t i l i z e d  t h e  v a lu e s  o f  th e  e x c i t o n  p a ra m e te rs  o b ta in e d  from 

th e  B r i l l o u i n  s h i f t  a n a l y s i s .  The v a lu e  o f  T was ta k e n  to  be 0 .5  cm“ l 

as  d i s c u s s e d  above. The com parisons  seen  i n  F ig s .  6 -8  and 6 -9  i n d i c a t e  

t h a t  ABC! most c l o s e l y  r e f l e c t s  th e  b e h a v io r  o f  th e  3 r i l l o u i n  i n t e n s i t y  

d a t a  f o r  th e  S to k es  LA (2-2 .')  and TA ( 2 - 2 ' )  com ponents. No a t te m p t  

was made to  f u r t h e r  f i t  th e  t h r e e  t h e o r e t i c a l  c u rv e s  in  F ig s .  6 -8  and 6 -9 .

The i m p l i c a t i o n  o f  F ig .  6-10 i s  t h a t  th e  g e n e r a l  t r e n d  o f  the  

S to k es  LA ( l - l 1) B r i l l o u i n  i n t e n s i t y  v e r s u s  i n c i d e n t  f req u en cy  fo l lo w s  

th e  t h e o r e t i c a l  p r e d i c t i o n s  w i th  any o f  th e  th r e e  ABCs. However, when 

n o rm a l iz e d  a g a i n s t  th e  S tokes  LA (2 -2*)  i n t e n s i t i e s  o f  F ig .  6 -8  

( c lo s e d  c i r c l e s )  one s e e s  t h a t  th e  i n t e n s i t y  r a t i o  I ( l - l ' ) / I ( 2 - 2 ' ) i s  

a b o u t  100 t im es  s m a l l e r  th a n  p r e d i c t e d .  S in ce  bach  p ro c e s s e s  a r e  

m e d ia te d  by d e fo rm a t io n  p o t e n t i a l  s c a t t e r i n g ,  c h e i r  r e l a t i v e  s t r e n g t h s  

a r e  governed  by d i f f e r e n c e s  i n  t r a n s m i s s i v i t y ,  e x c i to n  s t r e n g t h  

f u n c t i o n s ,  ene rgy  and group v e l o c i t i e s ,  and the  r e a l  and im ag inary  

p a r t s  o f  th e  p o l a r i t o n  w a v e v e c to r s .  The group ( o r  energy )  v e l o c i t y  

i s  p a r t i c u l a r l y  s i g n i f i c a n t  b e c a u se  th e  i n n e r  b ranch  p o l a r i t o n s  p a r ­

t i c i p a t i n g  i n  ( l - l 1) s c a t t e r i n g  have v e ry  sm a l l  v e l o c i t i e s  l e a d in g  to  

a l a r g e  p r e d i c t e d  c r o s s  s e c t i o n  s in c e  v^, (m-) and vq  ̂ (ajg ) bo th  o ccu r  

in  th e  d enom ina to r  o f  Eq. ( 1 .5 3 ) .



C. DISCUSSION ON THE.REFLECTIVITY RESULTS

The r e f l e c t i v i t y  f i t s  between th e o ry  (Eq. 6 .7 )  and experim en t 

(Eq. 6 .3 ) i n  Chap. VI were n o t  v e ry  good f o r  th e  RBS v a lu e s  l i s t e d  

in  Tab le  6 -1 .  A l l  f i t s  r e s u l t e d  i n  l a r g e  v a lu e s  f o r  b o th  th e  back­

ground d i e l e c t r i c  c o n s ta n t  and th e  e x c i to n  damping c o n s ta n t  T.

In  an a t te m p t  to  improve th e  f i t s  o f  th e  r e f l e c t i v i t y ,  a  dead l a y e r  

(see  Chap. I ,  Sec. C) was in c o rp o ra te d  i n t o  th e  ana lysis /*"  Once a g a in ,  

th e  A and B e x c i to n  p a ram e te rs  o f  T ab les  6 -1  and 6 -3  were h e ld  

f ix e d  w h ile  f o u r  p a ra m e te rs ;  T, e ^ ,  %, n were v a r i e d .  Here 2 i s  the  

th ic k n e s s  o f  th e  dead l a y e r  w hich i s  d e s c r ib e d  by a r e a l  index  o f  r e ­

f r a c t i o n  n . U t i l i z a t i o n  i s  now made o f  th e  r e f l e c t i v i t y  e x p re s s io n

(9 ) .d e r iv e d  by H o p fie ld  and  Thomas

i 21-n si
l+ n « 1 *

(7 .1 )
*s

where

ns * " 1 (nA+n)e-2ik*4n-nA ] (7’2)

Now th e  t h r e e  ABCs become

nA =* nc i nc2 ^ b ^  (7 .3 a )

c l 2

n c 5 C,(H c +nc ):1 c2 1 c">i _ „ ..
nA = — (TT- ~ ~ rp  2 T r  ABC2 (7 .3 b )A (n ) z+nc nc + (n c ) - e h (m)

° 1  1 2 Z J D

nA =■ nCi+nC2- n e ABC 3 (7 .3 c )

where ilc ^ i s  d e f in e d  by Eq. (6 .6 )  and by Eq. ( 6 .4 ) .

By s u b s t i t u t i n g  each one o f  the  e q u a t io n s  i n  Eq. (7 .3 )  i n t o  Eq.

(7 .2 )  and th en  s u b s t i t u t i n g  th e  l a t t e r  in t o  Eq. ( 7 .1 ) ,  th e  t h e o r e t i c a l

r e f l e c t i v i t y  f o r  each ABC could  be f i t t e d  to  th e  c o r r e c t e d  e x p e r im e n ta l

i  A dead l a y e r  e f f e c t  was n o t  c o n s id e re d  in  Chap. VI, S^c,. C s in c e  the  
e x p e r im e n ta l  r e f l e c t i v i t y  d id  no t  show a  sp ik e  a t
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r e f l e c t i v i t y  i n  Eq. ( 6 .3 ) .  The r e s u l t s  o f  t h i s  a n a l y s i s  a r e  g iven  in  

F ig s .  7 -1 ,  7 -2 ,  and 7 -3 .  The b e s t  f i t  c o e f f i c i e n t s  f o r  each ABC i s

g iven  i n  Table  7 -1 . Once a g a in ,  a l l  f i t t i n g  was done between

-1  -1  20654.2cm and 20482.1cm . I t  can now be seen  t h a t  th e  minimum

of th e  t h e o r e t i c a l  r e f l e c t i v i t y  spectrum  i n  th e  A -e x c i to n  resonance

re g io n  has  d e c re a se d  f o r  a l l  ABCs when compared w ith  F ig s .  6-11

th rough  6 -13 . ABC1 in  F ig .  7-1 f i t s  th e  r e g io n  around o f  th e  

A -ex c i to n  ex trem ely  w e l l .  However, each ABC g iv e s  a r e l a t i v e l y  good f i t .

D. GENERAL REMARKS

A lthough th e  t h e o r e t i c a l  e x t e r n a l  s c a t t e r i n g  c ro s s  s e c t i o n

g iven  i n  Eq. (4 .53 )  d i f f e r s  i n  o r i g i n  from t h a t  o f  BZB’ s s c a t t e r i n g

e f f i c i e n c y  in  which they  c o n s id e re d  th e  e n t i r e  s c a t t e r i n g  p ro c e s s  as

a s i n g l e  u n i f i e d  e v e n t ,  i t  can be shown to  be v e ry  s i m i l a r  i f  th e

d e fo rm a tio n  p o t e n t i a l  i n t e r a c t i o n  k e r n e l  T^P (q) g iv e n  i n  Eq, (4 .18 )

i s  assumed to  be  independen t o f  w avevec to r  q . Choosing th e  e x c i to n

damping p a ra m e te r  T to  be 10 cm ^ and s e t t i n g  r ^ P (q) *= c o n s ta n t

r e s u l t s  in  a  t h e o r e t i c a l  e x t e r n a l  s c a t t e r i n g  c ro s s  s e c t i o n  y i e ld in g

p l o t s  f o r  th e  t h r e e  ABCs which a r e  s i m i l a r  to  F ig .  5 o f  th e  BZB 

(1)p a p e r .

However, th e  q dependence i n  th e  e x p re s s io n  f o r  th e  defo rm a tio n  

p o t e n t i a l  i n t e r a c t i o n  k e r n e l  i s  e s s e n t i a l  f o r  th e  com parison between 

th e o ry  (u s in g  ABC2) and ex p e r im en t .  T h is  i s  i l l u s t r a t e d  i n  F ig .  7-4 

where F^P (q) i s  assumed to  be q - in d e p e n d e n t .  The v a lu e s  i n  Table 6 -1  

a re  used once a g a in  w i th  T = 0 .5  cm \  The d a ta  now seems to  f a l l  

between ABC2 and ABC3. I t  i s  u n c l e a r  which o f  th e s e  ABCs, i f  e i t h e r ,  

b e s t  d e s c r ib e s  th e  d a t a .  Hence, th e  q - f a c t b r  in  r ^ p (q) i s  ex trem ely
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FIG. 7-1 N o n - l in e a r  l e a s t  s q u a re s  f i t  o f  th e  t h e o r e t i c a l  

r e f l e c t i v i t y  e x p re s s io n  u s in g  ABC1 p lu s  a dead 

l a y e r  to  th e  e x p e r im e n ta l  r e f l e c t i v i t y  e x p r e s s io n .  

B est f i t  c o e f f i c i e n t s  a r e  l i s t e d  i n  T ab le  7 -1 .

The t h e o r e t i c a l  cu rves  a r e  th e  s o l i d  l i n e s  w h ile  

th e  e x p e r im e n ta l  e x p re s s io n  i s  I l l u s t r a t e d  by th e  

d a t a  p o i n t s .  The arrow s i n d i c a t e  th e  f req u en cy  

r e g io n  in  which f i t t i n g  was ta k in g  p la c e .  Re­

f l e c t i v i t y  p e rc e n ta g e  i s  shown a long  th e  y - a x i s .
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FIG. 7-2 N o n - l in e a r  l e a s t  sq u a re s  f i t  o f  th e  t h e o r e t i c a l  

r e f l e c t i v i t y  e x p re s s io n  u s in g  ABC2 p lu s  a dead 

l a y e r  to  th e  e x p e r im e n ta l  r e f l e c t i v i t y  e x p re s s io n .  

Best f i t  c o e f f i c i e n t s  a r e  l i s t e d  i n  Table  7 -1 .

The t h e o r e t i c a l  cu rv es  a re  the  s o l i d  l i n e s  w h i le  

th e  e x p e r im e n ta l  e x p re s s io n  i s  i l l u s t r a t e d  by th e  

d a ta  p o i n t s .  The arrow s i n d i c a t e  th e  f req u en cy  

r e g io n  in  which f i t t i n g  was ta k in g  p la c e .  Re­

f l e c t i v i t y  p e rc e n ta g e  i s  shown a long  th e  y - a x i s .
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FIG. 7-3 Non-linear least squares fit of the theoretical

r e f l e c t i v i t y  e x p re s s io n  u s in g  ABC3 p lu s  a dead l a y e r  

to  th e  e x p e r im e n ta l  r e f l e c t i v i t y  e x p r e s s io n .  B est 

f i t  c o e f f i c i e n t s  a r e  l i s t e d  i n  Tab le  7 -1 .  The 

t h e o r e t i c a l  cu rv es  a r e  th e  s o l i d  l i n e s  w h ile  th e  

e x p e r im e n ta l  e x p re s s io n  i s  i l l u s t r a t e d  by th e  d a ta  

p o i n t s .  The arrow s i n d i c a t e  th e  f req u en cy  r e g io n  

in  which f i t t i n g  was ta k in g  p l a c e .  R e f l e c t i v i t y  

p e rc e n ta g e  i s  shown a lo n g  th e  y - a x i s .
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FIG. 1-k  Log1[} com parison of th e  t h e o r e t i c a l  e x t e r n a l  s c a t t e r i n g  

c ro s s  s e c t i o n  f o r  th e  S tokes  LA ( 2 - 2 r ) s c a t t e r i n g  f o r  

v a r io u s  ABCs w i th  th e  lo g jp  o f  th e  e x p e r im e n ta l ly  

m easured B r l l l o u i n  i n t e n s i t i e s .  The t h e o r e t i c a l  c ro s s  

s e c t i o n  was c a l c u l a t e d  h e re  assum ing th e  d e fo rm a tio n  

p o t e n t i a l  i n t e r a c t i o n  was a c o n s ta n t .  Open sq u a re s  

( c lo se d  c i r c l e s )  r e p r e s e n t  th e  d a t a  which has  been 

o b ta in e d  w ith  a FSR eq u a l  to  5 .87  cm-1 (12 .63  cm- 1 ) .
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im p o r ta n t  and can n o t  be ig n o re d  when comparing th e  s c a t t e r i n g  

c ro s s  s e c t io n  (o r  e f f i c i e n c y )  w i th  B r i l l o u i n  i n t e n s i t y  d a ta .

S e v e ra l  problem s were p r e s e n t ,  b o th  i n  th e  experim en t and 

th e  c a l c u l a t i o n .  As was d is c u s s e d  in  Chap. IV, Sec. B, mode hops 

o ccu r re d  on th e  ave rage  of one every  f i v e  m in u te s .  In  a d d i t i o n ,  

th e  d a t a ,  a t  t im e s ,  showed d i f f e r e n c e s  in  th e  R ay le ig h  l i n e  

i n t e n s i t i e s .  S ince  s e v e r a l  scans  were u s u a l l y  re c o rd e d  f o r  each 

frequency  of th e  dye l a s e r ,  th e  r e c o rd s  t h a t  showed no a d d i t i o n a l  

t h i n  e t a lo n  modes and were o f  ap p ro x im a te ly  e q u a l  R ay le ig h  i n t e n ­

s i t y  f o r  b o th  l i n e s  d u r in g  th e  scan  w ere  th e  ones t h a t  were 

an a ly zed .

A s e r io u s  problem  a r i s e s  when c a l c u l a t i n g  th e  t r a n s m i s s i v i t y .  

A ccording  to  th e  a n a l y s i s ,  when e v a l u a t i n g  th e  sum o f  th e  t r a n s ­

m i s s i v i t i e s  [Eqs. (A .47) and (4 .4 8 ) ]  from vacuum to  medium and the  

r e f l e c t i v i t y  [Eq. ( 4 .4 9 ) ] ,  t h e  r e s u l t  T ^ oj) +  T2 (w) + R(m) *= 1 .0  

h o ld s  a t  a l l  f r e q u e n c ie s  when T = 0 and when ABC1 and ABC2 a r e  

c o n s id e re d .  But when T i s  i n c r e a s e d ,  ABC1 g iv e s  a sum more than

1 .0  and ABC2 y i e l d s  a  sum l e s s  th a n  1 .0  i n  th e  f re q u e n c y  r e g io n  

between and Both ABC1 and ABC2 y i e l d  a  sum much more than

one f o r  r £ Tc [see  Eq. ( 4 .2 7 ) ]  n e a r  ABC3 does n o t  y i e l d  th e

c o r r e c t  sum o f  1 .0  even when T “ 0 s in c e  i t  does n o t  s a t i s f y  energy

(7 9  )c o n s e rv a t io n  a t  th e  s u r f a c e .  ABC3 y i e l d s  th e  same s t r a n g e

b e h a v io r  n e a r  f o r  T t  T c  as ABC1 and ABC2. C a l c u la t io n s  of 

th e  t r a n s m i s s i v i t y  o f  mode-2 p o l a r i t o n s  e x h i b i t  a  sh a rp  peak  n e a r  

wT f o r  T « Tc , th e  h e ig h t  o f  w hich goes w e l l  beyond 1 .0 .  A s i m i l a r  

problem  e x i s t s  f o r  th e  t r a n s m i s s i v i t y  from medium to  vacuum.
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E. SUMMARY OF RESULTS AND POSSIBLE EXTENSIONS OF THE THEORETICAL

CALCULATIONS AND EXPERIMENTAL INVESTIGATIONS

High r e s o l u t i o n  re s o n a n t  B r i l l o u i n  s c a t t e r i n g  was perform ed on a 

cadmium s u lp h id e  c r y s t a l .  These RBS i n v e s t i g a t i o n s  were supplem ented 

by r e f l e c t i v i t y  exp er im en ts  conducted on the  same sam ple. The r e s u l t s  

o f  a l l  th e s e  e x p e r im e n ts ,  when compared w ith  th e o ry ,  a r e  summarized 

below:

The o b s e r v a t io n  o f  b o th  th e  in n e r  and o u te r  p o l a r i t o n  b ran ch es

p a r t i c i p a t i n g  in  the  s c a t t e r i n g  of a c o u s t i c  phonons, has r e s u l t e d  in

a d d i t i o n a l  B r i l l o u i n  s h i f t  measurements n o t  seen  i n  p re v io u s  RBS ex- 

(28 30)p e r im en ts .  ’ The a c c u r a te  d e te rm in a t io n  of th e s e  s h i f t s ,  when 

compared w ith  th e o ry ,  have y ie ld e d  r e v i s e d  v a lu e s  of th e  A -e x c i to n  

p a r a m e te r s .

Broadening o f  b o th  LA and TA ( 2 - 2 ' )  S tokes  components was observed . 

L inew id th  measurements have s e t  an upper l i m i t  on th e  e x c i to n  damping 

p a ram e te r  r  o f  0*5 cm-1 f o r  w <_ ujj* However, f o r  u> >  uj^, l i n e w id th s  

of bo th  th e  LA and TA components in c r e a s e  m o n o to n lc a l ly  w i th  i n c r e a s in g  

f req u e n c y .  T h is  in c r e a s e  i n  l in e w id th  may be a s s o c i a t e d  w ith  an in c r e a s e  

i n  th e  number of decay ch an n e ls  a v a i l a b l e  to  th e  mode 2 p o l a r i t o n  as  

i t s  f req u en cy  i s  in c re a s e d  th ro u g h  th e  A -e x c i to n  re so n an ce .

B r i l l o u i n  i n t e n s i t y  measurements o f  d i f f e r e n t  one phonon s c a t t e r i n g  

p ro c e s s e s  were compared w ith  a t h e o r e t i c a l  e x t e r n a l  d i f f e r e n t i a l  

s c a t t e r i n g  c ro s s  s e c t i o n  c a l c u l a t i o n  which in c lu d e d  a  f a c t o r i z a t i o n  

p ro c e d u re .  The i n t e n s i t y  measurements o f  th e  S tokes  LA (2-2*) and 

TA ( 2 - 2 1) components (which r e s u l t  from d e fo rm a tio n  p o t e n t i a l  and 

p i e z o e l e c t r i c  i n t e r a c t i o n s  r e s p e c t i v e l y )  were i n  much b e t t e r  agreem ent

154



w ith  th e  t h e o r e t i c a l  c a l c u l a t i o n  in c lu d in g  ABC2 than  w ith  e i t h e r  

ABC1 o r ABC3. However, the  r e l a t i v e  i n t e n s i t y  o f  th e  S tokes  LA (1 - 1 ’ ) 

to  th e  S tokes  LA ( 2 - 2 ’ ) was a  f a c t o r  o f  100 s m a l le r  th a n  p r e d ic t e d  

by th e  th e o ry  w ith  any o f  th e  ABCs.

Comparisons between r e f l e c t i v i t y  measurements and th e o ry  showed 

t h a t  much b e t t e r  f i t s  could  be o b ta in e d  when a dead l a y e r  was in c o r ­

p o ra te d  i n t o  th e  a n a l y s i s ,  even though no r e f l e c t i v i t y  " s p ik e "  was

observed  n e a r  th e  dj f req u e n c y .  With th e  dead l a y e r  in c lu d e d ,  a good
Li

f i t  between th e o ry  and experim en t cou ld  be o b ta in e d  f o r  a l l  th e  ABCs.

The r e f l e c t i v i t y  a n a l y s i s  s u g g e s t s  t h a t  i n  f u t u r e  c a l c u l a t i o n s  

th e  dead l a y e r  e f f e c t  shou ld  be in c o rp o r a te d  i n t o  th e  t h e o r e t i c a l  ex­

t e r n a l  d i f f e r e n t i a l  s c a t t e r i n g  c ro s s  s e c t i o n .  N o n - l in e a r  l e a s t  sq u ares  

f i t  between t h i s  r e v i s e d  t h e o r e t i c a l  c r o s s  s e c t i o n  c a l c u l a t i o n  and th e  

measured B r i l l o u i n  i n t e n s i t y  d a ta  can th e n  be made f o r  each  ABC. This

type  o f  a n a l y s i s  has a l r e a d y  been  done to  some e x t e n t  by Yu and 
(29)

E v a n g e l i s t i .  These a u th o rs  in c o rp o r a te d  a  lo s s y  dead l a y e r  i n t o

t h e i r  th e o ry  and , upon com parison w i th  t h e i r  measured d a t a ,  found t h a t  

ABC3 produced  th e  b e s t  f i t  to  th e  S tokes  LA ( 2 - 2 ’ ) components. How­

e v e r ,  t h e i r  i n t e n s i t y  measurements were o b ta in e d  u s in g  a g r a t i n g  

s p e c tro m e te r  which h a s  a  much low er r e s o l u t i o n  th a n  th e  t r i p l e  p a s s  

F a b ry -P e ro t  i n t e r f e r o m e t e r  u t i l i z e d  i n  th e  RBS exp er im en ts  d is c u s s e d  

in  t h i s  t h e s i s ,  and were l i m i t e d  to  th e  2 - 2 '  B r i l l o u i n  components.

F u tu re  e x p e r im e n ta l  I n v e s t i g a t i o n s  which shou ld  be c o n s id e re d  

in c lu d e  ( i )  d e c o n v o lu t io n  of d i g i t a l l y  reco rd ed  r e s o n a n t  B r i l l o u i n  

s c a t t e r i n g  s p e c t r a  w hich would r e s u l t  i n  more a c c u r a te  measurements 

o f  th e  B r i l l o u i n  l i n e w id th  and i n t e n s i t y ;  ( i i )  e x te n d in g  th e  m agnetic  

f i e l d  ex p er im en ts  of B roser  and Rosenzweig which w ere d is c u s s e d  in
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Chap. I  by u t i l i z i n g  F a b ry -P e ro t  i n t e r f e r o m e t r y .  These experim en ts  

w i l l  be i n i t i a t e d  i n  our l a b o r a to r y  by Mr. Lu and P r o f e s s o r  S h ig e n a r i .
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TABLE 7-1 BEST FIT VALUES FOR T, ev , £ AND ti RESULTING FROMD

THE REFLECTIVITY ANALYSIS FOR EACH OF THE THREE ABCs

ABC1 ABC2 ABC3

0.582 cm-1 6 .36  cm"1 3.765 cm-1

Eb 8 .788 7 .46  7.414

£ 161.5 A 148 .3  A 112.2  A

n 1 .92  2 .6 8  2 .83
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APPENDIX

ANALYTIC EXPRESSION FOR THE ENERGY VELOCITY

(74 7 9)
I t  has  been shown by s e v e r a l  a u th o rs  ’ t h a t  th e  energy  d e n s i t y

and th e  Poyn ting  v e c t o r ,  when e v a lu a te d  n e a r  an e x c i to n  re so n an ce  in  

a s p a t i a l l y  d i s p e r s i v e  medium, have b o th  e le c t r o m a g n e t i c  and m echan ica l 

c o n t r i b u t i o n s :

W = (e E2+H2) + W8v b ex (A .l)

Y -  (E x H) + S 4tt ex (A. 2)

The f i r s t  te rm s on th e  r i g h t  hand s id e  i n  Eqs. (A .l )  and (A.2) a r e  

th e  n o rm ally  d e f in e d  e l e c t r o m a g n e t i c  energy  d e n s i t y  and P oynting  

v e c t o r  w h ile

and

< _ -v 2j  =  --------- *—
ex ct„ur„o o

? x (V x ?  ) + f  (V»$ )ex ex ex ex (A .3)

Wex 2a a  z o o
( I  ).2 + u 2 (P ex o ex

+ v2 (V • P ) + v2 (V xP ) ex e x '

(A.4)

a r e  th e  r e s p e c t i v e  m echan ica l ( e x c i to n i c )  c o n t r i b u t i o n s .  Here Pex

i s  j u s t  th e  e x c i to n  p a r t  o f  th e  p o l a r i z a t i o n .  The e q u a t io n  o f  motion

o f  P i s  g iv e n  i n  Eq. (1 .5 )  i n  Chap. 1 w ith€X

V2 -
“ m* (A.5)

Eqs. (A .l )  to  (A.4) can be shown to  s a t i s f y  th e  energy  b a la n c e  equa­

t i o n

fs.do + /Wdv + — / (P ) 2dv -  0 (A .6)J J n /.i ' exa ui o o
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A-2

The energy  v e l o c i t y  i s  d e f in e d  as

vE = f  (A. 7)

where W and S a r e  th e  tim e ave rage  o f  th e  a b s o lu t e  v a lu e  o f  th e  energy

d e n s i ty  and P o y n tin g  v e c t o r .  As i s  w e l l  known, th e  e l e c t ro m a g n e t ic
(62 }

c o n t r i b u t i o n s  have th e  form

*EM= jE |2 (A. 8)
16 t t

~s m  '  f  l£l2 W .9)

For t r a n s v e r s e  p la n e  wave p o la rx to n  modes (V-?ex = 0 ) ,  th e  m echan ica l 

c o n t r i b u t i o n s  become

= A '^ "2  {(d2-Hj 2 + g2u2 (nz4K-2)} . jx (k,(fl) | l E | 2 (A .10)
6 X  tO O 6X0 0

Se*  -  lXe x « ' “ > | 2 l £ !2o o

where Eq. 1 .1  from Chap. 1 has been used t o  r e l a t e  P and E w ith  . ex

X (k,u>) = ap^ o   (A. 12)
a) 2 +kzv2-(i)2-iu)ro

which i s  j u s t  Eq. (1 .6 )  minus th e  background s u s c e p t i b i l i t y  te rm .

H ere, fi2 « v ^ / c 2 . S u b s t i t u t i n g  Eq. (A.12) i n t o  th e  Eqs. (A.10) and 

(A.11) and then  add ing  th e s e  e x p re s s io n s  to  Eqs. (A .8) and (A.9) 

y i e ld

5 - f r r ^  l£l2 <A'13>

I»l2

Use has  been made o f  th e  d i s p e r s io n  Eq. (4 .2 5 )  v i a  i t s  r e a l  and

im aginary  p a r t s  i n  o r d e r  t o  o b ta in  th e  c o n c ise  e x p re s s io n s  f o r  S
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and W above. S u b s t i t u t i o n  o f  Eqs. (A .13) and (A .14) i n t o  (A .7) r e ­

s u l t s  i n  th e  a n a l y t i c  e x p re s s io n  f o r  th e  energy  v e l o c i t y  of an e x c i to n  

p o l a r i t o n  mode

c
'E , 2(dk . 2 filmic , 5 77n + - j r - + — j;—  (x^-n^)

(A. 15)

For S = 0 , Eq. (A .15) becomes eq u a l  t o  th e  energy  v e l o c i t y  e x p re s s io n  

d e r iv e d  by Loudon f o r  an ab so rb in g  medium d e s c r ib e d  by th e  s im ple  

c l a s s i c a l  d i e l e c t r i c  model.
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